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The geometry of radio echoes from aurorae 
SyDNEY CHAPMAN 


Queen’s College Oxford and The Geophysical Institute, University of Alaska 
(Received 23 July 1952) 


ABSTRACT 

It is shown that the points P on auroral rays, whence a radio beam from a station Q can be reflected 
back to Q, lie on a cubic surface (the echo surface), if the auroral rays are taken to lie along the lines 
of geomagnetic force, and the earth’s field is treated as a centered dipole field. There is an echo surface 
for each point Q. The nature of the surface is examined in detail, for guidance in the planning of auroral 
observation by radio reflexions. 

So far as purely geometrical considerations are concerned, a northern station Q can receive echoes 
not only from the aurora borealis, but also, from above the atmosphere, from the stream of particles des- 
cending to the southern hemisphere to produce the aurora australis. But it is uncertain whether these 
streams of solar particles will have sufficient electron density to give observable transequatorial (or 
extra-terrestrial) echoes. 


1. INTRODUCTION 


Most of our present knowledge concerning the aurora polaris comes from visual and 
photographic observation, which, however, is hampered by moonlight and clouds, 
and almost wholly prevented by daylight. Aurorae have, nevertheless, been seen 
in the daytime, very rarely; and STORMER, during darkness, has observed aurorae 
possessing exceptional properties, situated, in the sunlit atmosphere. 


Aurorae can also be detected and investigated by radio means, (a) by direct 
emissions (ForSYTH, PETRIE, VAUTIER and CURRIE [1]) and (b) by reflexion or 
scattering of radio waves directed towards them (see the Appendix). Though also 
subject to limitations, these new means of observation can valuably supplement our 
knowledge of the aurora, being unaffected by clouds, moonlight or daylight (except 
in so far as the daytime ionosphere may prevent the radio waves reaching the aurora) ; 
hence they may give much more continuous records of auroral occurrence than have 
been available in the past. 

The present paper is devoted to an examination of the geometry of directly 
reflected radio waves, that is, of discrete auroral echoes in which part of a radio 
beam incident on an aurora is returned by reflexion (not scattering) to the transmitt- 
ing station. These direct echoes, for a northern station, may come from the aurora 
borealis in more northerly latitudes; there is also a geometrical possibility of ob- 
serving echoes from the aurora australis at levels above the atmosphere. The chances 
of observing these transequatorial echoes are discussed, on the basis of the probable 
density and reflecting power of the primary auroral streams before entry into the at- 
mosphere; the density of electrons in the primary streams seems likely to be too 
low to give observable echoes, except possibly from very powerful radio beams. 

In a further paper it is hoped to discuss oblique auroral reflexion of radio beams, 
leading to the reception of echoes of a radio beam at places other than the trans- 
mitting station; evidence for the frequent reception of such echoes has lately been 
discussed by R. K. Moore [2]. 
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2. AvRoRAL EcHo GEOMETRY; SIMPLIFYING ASSUMPTIONS 
Auroral radio echoes are of two kinds, (i) diffuse, (ii) discrete. The diffuse echoes 
are ascribed to reflexion from regions with irregular boundaries or heterogeneous 
ionization; such echoes can indicate the presence and approximate location of the 
reflecting aurorae. 

The discrete echoes, however, are more interesting and informative. They are 
ascribed to reflexion from a fairly simple reflector. On this assumption N. HERLOrF- 
son [3] has attempted to calculate a limit for the electron density in the aurora, 
and for the sharpness of the boundary of its electronic distribution. 

This paper deals with the geometry of discrete auroral radio echoes, on the follow- 
ing assumptions: 

(a) The reflecting “unit” is taken to be an auroral ray, lying along a line of 
force of the geomagnetic field. 

(b) The geomagnetic field is taken to be sufficiently well represented, for the 
present purpose, by the field of the equivalent centered dipole. 

(c) As the echo is supposed to be received at the transmitting station Q, the beam 
between Q and the echo point P on the auroral ray is taken to be perpendicular 
to the ray at P; refraction of the beam in transit is not considered (see para. 5). 

(d) The earth is taken to be a sphere, of radius a, for which the value adopted 
is 6370 km. 

Let « be the colatitude of the (northern) station Q, and # that of P; these and other 
colatitudes here referred to are to be regarded (unless the contrary is specifically 
stated) as geomagnetic, with reference to the geomagnetic axis AOB: here A denotes 
the austral and B the boreal pole of the magnetic dipole axis through the earth’s 
centre O. The geographic coordinates of B are taken to be 79° N, 70° W. 

The tangent to the line of force (of the dipole field) through P, whatever its 
height, lies in the (geomagnetic) meridian plane BOP, and is inclined (to the north, 
looking downwards along the tangent) to the vertical through P at an angle ,. 

The angle x is the complement of the magnetic dip at P (for the dipole field). 
Its tangent is equal to the ratio (H/Z) of the horizontal component (#) of the field, 
to the vertical component (Z). The potential V of the dipole field, equivalent to 
that of a dipole of moment / at O, is given by 


V = M cos 6/r? 
at a point at distance r from O, in colatitude 6. Also 
H = —éV/ré6 = M sin Or’, | 


ler = 2M cos 6/7*; j 
hence 


tan y= H/Z = tané. 


The tangent gives the assumed direction of the auroral ray at P. 

Table 1 gives a series of corresponding values of 6 and x, and also of 0+ 7 
and 7, calculated at 2° intervals of the first variable named. Such values are very 
easily calculated by means of a table of (natural) tangents of angles (preferably 
expressed in decimals of degrees). The tables used were CHAMBERS’ six figure tables. 
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Table 1. Corresponding values of 6 and x, and also of 6 + % and y, calculated at 2° intervals of 0 


x x x > x 





| 





| 70-6 


4° 6° 
2-0 3-0 


30° | 32° | 
17-3 | 18-6 


16-1 


54° | 56° 
34-5 


80° | 82° | 
74:3 | 78-1 





36:5 | 38-7 


Ct: | 
4-0 | 


| 
| 
| 
| 


34° 


| 58° 


84° 





10° 12° 
5-0 6-0 
36° | 38° 
20-0 


60° | 62° 
40-9 


86° | 88° 
82-0 | 


21:3 


| 14° 
7-1 


| 40° | 
22-7 | 


| 64° 


90° 


86-0 | 90 


16° | 18° 


8-1 9-2 


42° 44° 
24-2 | 25-8 


66° | 68° 


43-2 | 45-7 | 48-3 | 51-0 


| 
| 


20° 
10-3 


45° 
26-6 


70° 
53-9 

















32° | 
10-9129 | 


48° 


34° 
11-6287 


50° 


36° 
12-3505 


52 
18-3857 


38° 
13-0788 


54° 
19-1776 


40° 
13-8139 


56° 
19-9789 


42° 
14-5561 


58° 60° 

















16-8288 | 17-6029 20-7898 | 21-6107 





3. THe AuRORAL Ecuo SURFACE FOR A STATION Q 

The echo points P on auroral rays, from which beams received from a radio station Q 
can be reflected back to Q, lie on a surface, which will be called the auroral echo 
surface for Q. Each point Q has its own echo surface. The nature of the surface 
will at the outset be considered from a purely geometrical standpoint, without 
regard to the actually possible presence of an auroral ray at P, or of the transmission 
of a radio beam between Q and P. Hence points P within the earth, as well as out- 
side it, will be considered, having regard only to the local direction of the dipole 
field (as if produced by a centered point dipole). 

This procedure is geometrically convenient and instructive. Afterwards con- 
sideration is given to the parts of the surface that are of importance in the actual 
auroral problem, having regard to the observed facts (i) that aurorae seldom appear 
below 90 km height (and, so far as is known, never below 60 km), and (ii) to the 
“optical” limitation that (unless abnormal refraction occurs) the echo point P must 
be above the horizontal plane through Q, owing to the opacity of the earth to radio 
beams. 

Cartesian axes will be taken through the earth’s center O, with the geomagnetic 
axis OB as the z axis, and the xOz plane passing through the station Q, whose y 
coordinate is therefore zero. Let the coordinates of P and Q be denoted by 2, y, 
zand X, Y (= 0) and Z respectively. Then 


X=asing, Z=—acosa; 


for definiteness Q will be supposed to lie in the northern hemisphere, so that 
a>@Q 22> 4, 


Let r denote the radial distance OP, and o the distance of P from the z axis OB. 
The auroral ray through P is inclined, at this point, at the angle 6 + 7 to OB. 
where, by (2.1), 


0<«a< 90°. 


2 tan y = tan 6 = o/z. 


» 
v 





tan (6 + 7) = (3) tan 6/(1— 4 tan? 6) 
= 302/(227 — 0’). (3.1) 
Consequently the direction cosines of the auroral ray at P are proportional to 
3za, 3zy, and 22%— 9? (or3z*—r1’). 


The condition that Q can receive from P an echo of its own beam is that Q lies 
in the plane through P, normal to the ray. This condition is expressed by the equa- 
tion 

32a (x—X)+ 3zy (y— Y) 4+ (322 —?r*) (z—Z) = 0, (3.2) 
which (as Y = 0) can be simplified to 
32a X + (8227 —7?)Z—2zr7=0. (3.3) 


This cubic equation represents the echo surface for Q. 

The surface is clearly symmetrical with respect to the meridian plane BOQ. 
It contains Q itself, and the origin O, which is actually a singular point of the surface. 
Another point obviously on the surface is the foot of the perpendicular from Q to 
the axis OB, that is, the point 0, 0, Z. 

The surface has a particularly simple form for an equatorial point Q (« = 90°, 
X =a,Z=0): its equation is then 


z(r?—3azx)=0, (3.4) 


which represents the whole equatorial plane, together with the sphere of radius 
3a/2, centered at the point 3a/4, 0, 0, that is, at the point between O and Q, at a 
depth ja below Q. 


3.1 The meridian echo curve for Q 


(a) The section of the echo surface for Q by the meridian plane through Q is a cubic 
curve; it may be called the meridian echo curve for Q. Its equation is the same as (3.3) 
if now 7? be taken to denote 2? + z? only. 

(b) The equation, though of the third degree in z, is only quadratic in x, so that 
any line z = constant cuts the curve in only two points, given by 

Use of this equation makes it a simple matter to plot the curve for any point Q, 
by calculating the two values of x for a series of chosen values of z. 

(c) The two values of x coincide at the origin, and also at the points (2,, 0, z, and 
X2, 0, 2,) for which the radical in (3.5) vanishes; at these two points the curve 
is tangent to the lines z = z,, z = z,. The curve lies wholly between these two lines; 
outside them z is not real. Clearly 
1 (3a+Z) 
4 at+Z ’ 
] (3a —Z) 


1 
%= {Xx aes ty Sih (3a—Z). 


4 = 4 (3a +2), (3.6) 


Note that }X <2, <X, whereas x, < X only if Z <a/3. 


+ 
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The two values of x given by (3.5) are both positive for Z < z < z,; they have 
opposite signs for z, < z < Z. 

(d) The line z= — $Z is an asymptote to the curve, which approaches it from 
above, in the third quadrant of the plane (2 < 0, z < 0), and from below in the 
fourth quadrant («> 0, z < 0), wherein the curve crosses this line at « = Z?/2X; 
the echo surface cuts the plane z = — }Z in the line x = Z?/2X. 

(e) At the origin the slopes of the two parts of the curve corresponding to the 
two roots of (3.5) are given by 


ZX = 27Z/{3X +)/(9a?—Z)}. 


When « and Z are small, the two slopes are + 1/|/2, so that the curves are inclined 
at + 54°-74 to the axis OB; when « = 45°, the slopes are 2/(3+/17), and the 
branches make angles 15-68° and 120-75° with Oz; as « tends to 90°, the angles 
made with Ox tend to 0° and 90°. As the two branches cross from the positive to 
the negative side of the x axis, they cross over through O (which is therefore a double 
point), one going from the first to the third quadrant, the other from the second 
to the fourth [on account of the factor z on the right of (3.5)]. 

(f) At Q itself the curve is normal to the auroral ray through Q, and therefore 
is inclined to the local horizontal at the angle 7 corresponding, according to (1), 
to a; this value of y represents the maximum elevation of the echoed beam at Q 
(directed northward) above the horizontal. 

(g) The curve at Q crosses the earth’s section (r = a) from within with a north- 
ward inclination; at the origin it lies within the earth, hence it must cross r = a 
again to the north of Q; thus it cuts the circle r = a twice in the first quadrant of 
the plane; it also crosses it once in the third and fourth (lower) quadrants, on the 
two branches of the curve that go to infinity at opposite ends of the asymptote 
z= —4Z. The point ~z,, 0, z, given by (3.6) is above the earth, because 


r?—a®?=a(a—Z)*/8 (a+Z)>0. 
(h) The plane polar equation of the meridian echo curve is 
rja = (3) cos (a — 6) — 4 cos a/cos 6 
= cos (« — 6) + 3 tan 6 sin (« — 6); (3.8) 


when « = 90° this reduces to r = (#) a sin 0, the equation of the circular section 
of the sphere, given by (3.4). Thus the points (other than Q) where the curve 
crosses the earth’s surface (r = a) are given by the values of 6 for which 


2 tan 4 («a — 6) = tan @, (3.9) 
which may also be put in either of the forms 
#8 — 2t, 2 —2t+t,=0, (3.10) 
where ¢ = tan46, ¢, = tan}a, or 
T? 57, T?— 87 +47, =0, 


where 7' = tan 0, J, = tan «. When « is small, the positive acute angle 0 satisfying 
(3.9) is approximately }« (and the other two values of 6 approximate to +2 tan” 


9) 
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y2 or + 109-5°); when « = 45°, the values of 0 are 22-0748° and —-99-2°, 122-1°; 
when « = 90°, the three values of 6 are 41-8°, —90° and 138-2°. 

(i) In the positive quadrant r has a maximum value, which from (3-8) may be 
inferred to correspond to the value of 6 given by 


3 tan « = tan 6 (4+ tan? 6), 
or by 


tan (« — 6) = tan 6/(3 + tan? 6). (3.12) 


The latter shows that when « is small, this value of 6 approximates to 3/4. For « 
equal to 24°, 30°, 40°, 45°, the corresponding values of 6 are 18-02°, 22-545°, 30-13°, 
33-9640°; as « tends to 90°, this value of 9 also tends to 90°. 

(j) The maximum value of r/a occurs in the first quadrant; it is equal to 





(1 — 3 sin? 6)/]/(1 — 4} sin® 6 + }sin 4 6) (3.13) 
or, expressed in series form, 


1 + (4) sin? 6 + (sie) sin’ 6 + (sY5) sin® 6 + ---. (3.14) 


When 6 = 30° (corresponding to « = 39-8364°), 7yx/a is 1-034596, so that the maxi- 
mum height of the meridian echo curve (in this quadrant, and for this value of «) 
is 220-4 km above the earth’s surface. 

The first four terms of (3.14), for 6 = 30°, give 1034342, corresponding to a height 
too small by 1-6 km, or 0-73 %. 

For « = 45°, (3.13) gives ryax/a = 1-04597, and (3.14) gives 1-04532. 

(k) The limiting horizontal meridian echoes come from the points where the 


meridian echo curve is cut by the (local) horizontal plane through the station Q. 
At these points r = a sec (« — 9), so that their values of 6 are given by 


tan (x -- 6) = tan. (3.15) 


Hence for small values of «, one value of 6 is approximately equal to (but slightly 
less than) 2/3. More explicitly, tan 6(= 7) is a root of the equation 


T? + 3T cota—2=0. (3.16) 
Hence 
tan 6 = —}cot a + |/(}cot? « + 2). (3.17) 

It is easy to show that if 6, is the smaller (positive) value of 6 that satisfies 
(3.17), the other value is 90 + «— 6,. 

When « = 45°, 6, = 29-3165°; when « = 90°, 6, = tan 14/2 = 54-7357°. 

(1) The parts of the meridian echo curve “‘visible’”’ from Q are those for the 
(equal) ranges of 6 from 6, to « and from 90° to 90°+ «— 6,. The former part 
is on the poleward side of Q; the latter extends from the equator towards the op- 
posite pole, and the echoes concerned may therefore be called respectively polar and 
transequatorial. 

The greatest elevation of the echoed beams above the horizon at Q, for the polar 
echoes (cf. paragraph 3.1f), is the value of y corresponding [according to (2.1)] 
to 6= 4, and for the transequatorial echoes the greatest elevation above the 
southern horizon is «. 
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(m) The distances d from Q to the limiting (horizontal) meridian echo-points 
are a tan (« — 9) or $a tan 0, for the two values of 6 satisfying (3.15). When « = 45° 
the two points are at distances 1789 and 11336 km from Q. The heights h of these 
echo points above the earth are a sec (« — 6) —a; when «= 45° they are 246 and 
6639 km. When «= 90° the distances and heights are respectively 4504 and 1428km, 
the same for both the northern and EARTH'S 
southernecho pointsonthe horizon. “*Sh£I'C 
For «= 60°, the distances are 2523 
and 8040, and the heights are 481-6 
and 3888 km. 

(n) Fig.1 gives a graph of the 
meridian echo curve for « = 45°. The 
circle shown is 7 =a, the boundary 
of the earth section. The asymptote ey . 
is drawn, but the near approaches 
of the two branches of the curve 
to the asymptote are outside the TGunten 
picture. The Figure shows the hori- 
zontal through Q, and the northern pista 








and southern echo points on the 
horizon, Py and P,. 

The point in latitude 45° south 
will have a similar meridian echo 
curve, the mirror image, with re- 





spect to the x axis, of the curve ns 
shown in Fig. 1. Fig. 1. Section of the earth (semicircle BEA) by a plane 
As « tends to 90°, the curve _ through the geomagnetic axis BOA (B is the boreal axis- 


becomes a circle of radius 3a/4, pole, and A the austral), and the meridian echo curve 

touching the z axis at the origin, for a radio station Q (PsOPyx QO) in geomagnetic cola- 
: 3 titude «. The ‘“‘real’’ parts of the curve are drawn more 

together with the whole zx axis. heavily than the part (PyQPs) below the horizon of Q. 

The curve for « = 90° is shown in The curve approaches the asymptote on the far right 

Fig. 2; the closed loop formed by and left. In this diagram « is 45° (see § 3.1). 

the upper semicircle and its dia- 

meter corresponds to the northern loop in Fig. 1; the lower semicircle and the parts 

of the x axis outside the circle correspond to the part of the echo curve in Fig. 1 

that lies below the 2 axis. 

The only part of the meridian echo curve for Q that is relevant to real aurorae 
(in the absence of refraction) is that which lies above the horizon at Q; this part, 
in Figs. 1 and 2, is drawn thicker than the rest of the curve. For « = 45° it is a very 
small part; for « = 90° it is larger. 

For values of « less than 45° the closed loop of the echo curve becomes narrower, 
and the part of it that lies above the earth becomes less, both in horizontal and vertical 
extent. 

(o) For each relevant part of the meridian echo curve, lying above the horizon, 
there is one echo point P for each elevation e lying within the ranges stated in para- 


graph (I). 
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The height h, distance d and cola- 
titude 6 of this point are all functions 
of e (and «); or alternatively h, d and 
e are all functions of 6 (and «). The 
height 4 is r —a, deducible from the 
polar eq. (3.8). Having calculated r/a, 
the elevation e may be deduced from 
tan e = (a/r) sec (a — 0) — 

— tan(a—6), (3.18) 
and then the distance d from 
d=rsin(a—6)sece. (3.19) 





3.2 Direct consideration of meridian 
radio echoes 
Without considering the auroral echo 
surface or meridian echo curve, it is 
easy to obtain equations relating to 
meridian echoes. Polar echoes will 
first be considered. 

Fig.3a shows the geometry of the 
A problem in this case. The relation bet- 
ween «, 6, y and e is clearly 


Page bie oe, eal "7 
Fig. 2. The meridian echo curve fore = 3 ee is, ate= f 4. x; (3.20) 
for an equatorial radio station Q. The “real” part, 








above the horizon of Q, is the heavily drawn part because e is the angle between the 

PyPPs. In this case the echo curve is (exceptionally) normals to OQ and ON. 

a circle, of radius } that of the earth (see § 3.1, n). Also, if ? is defined by 
cosy =a/(a+h)=a/r=a/OP, (3.21) 
ON can be expressed either as r cos 
y or a cos e, so that 


COs € COSY = COS x. (3.22) 


Fig. 3. The diagrams 3a 
and b illustrate respectively 
the geometry of boreal 
auroral radio echoes for a 
northern radio station Q, and 
of austral (transequatorial 
or extra-terrestrial) echoes 
(see §§ 3.2 and 7). 
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Hence, in terms of e and y, 


h = a (cos e sec y — 1) = a (cos e — cos x)/cos x. (3.23) 
Also 


d = a (tan x cos e — sine) = asec x sin (7 — é). (3.24) 


Values of 0, A and d have been calculated for a series of values of e and « at 2° 
intervals. (Table 2). Knowing « + e and therefore 6 + y, x is taken from Table1, 
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KM 


HEIGHT h OF ECHO POINT; 








1 j 

12° 14° 16° 
ELEVATION e OF RADIO BEAM 
Fig. 4. Each full curve refers to a radio station in the geomagnetic colatitude « thereon marked, 
and gives the height h, in km, of the echo point for a radio beam from Q to the reflecting aurora, 
at beam elevation e. By interpolation between these curves h can be inferred for a beam of eleva- 
tion e from a station in any intermediate colatitude. The broken curves ---- similarly show (if 
necessary by interpolation) the geomagnetic colatitude 6 of the echo point P at a chosen height h 
for a beam of elevation e, or alternatively for an echo point P corresponding to a beam of elevation e 
from a radio station in geomagnetic colatitude «. The chain curves similarly give the distance 
of the echo point P from Q (see §§ 3.1, 3.2). 





so that @ also is known; then cos e — cos x is calculated, and then / and d from 
(3.23) and (3.24). 
The results have been used in Fig. 4, to plot / as a function of e for various values 
of «; and also to plot lines of constant d and constant 6 on the same diagram (Fig. 4). 
The maximum value of e for any value of « is given by tan e = }tan « (see 3.1f). 
The curves are of interest in showing the values of h, d and 6 for the echoes 
possible,at a given station «, with elevation e, within the possible range. 
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Values of h and d for a series of e and « at 2° intervals. The last value of e in 
each case is the limiting value e, for which h and d are zero, and 6 = « 





He 8=Co|~SCséDiat. Colat. Elev. Ht. Dist. Colat. 


| 


h (km) | d (km) 6° e h (km) d (km) 6° 














Station in colat. « = 24° Station in colat. « = 34° 
763 146-9 1171 
619 153-7 1031 
474 153-8 892 
330 147-2 752 
a 133-9 611 
€, = 12-55 114-0 470 
: ; f 87-3 328 
Station in colat. « = 26° 54-0 187 
75:8 986 e; = 18-63 
84-6 843 
86-6 699 
81-8 555 





Station in colat. « = 36° 
150-9 1395 
51-8 267 173-7 1118 
a 175-2 979 

ea = 13-70 170-0 839 

Noh Xe ; : 158-1 700 
Station in colat. « = 28 139-6 561 
114-4 420 
82-6 280 
44-2 139 
e, = 19-96 




















5 
“4 
5 
‘$8 


on 
o 


Station in colat. « = 38° 
169-6 1482 
185-7 1344 
195-2 1206 
ee : : 198-1 1068 
Station in colat. « = 30 194-3 930 
102-4 1146 183-9 791 
113-4 1005 166-9 652 
117-6 863 143-2 513 
115-2 721 113.0 374 
106-0 579 76-2 234 
90-1 436 e, = 21-33 
67-4 293 


e, = 16-10 








~1 
>> 
oC) 























Station in colat. « = 40° 
189-7 1566s 
207-2 1431 
218-2 1295 
117-3 1228 222-5 1158 
129-5 1088 | 220-2 1021 
135-0 947 211-4 884 
133-8 806 | 196-0 747 
125-9 665 | 173-9 609 
111-2 523 | 145-3 470 
89-9 381 | 110-2 332 
61-9 239 68-4 193 

€, = 17-35 €, = 22-76 


Station in colat. « = 32° 
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Fig.3b shows the geometry for a transequatorial echo received at Q at elevation e’ 
above the southern horizon, from a point P’ in colatitude 6’ reckoned from the 
austral magnetic axis pole: ’ is related to 6’ according to 2.1. Clearly 

a—e’+ 6+ y' = 180°. (3.25) 
Writing 
e=180°—e’, §=180°—0', 7=180°- y’, 
(3.25) becomes identical with (3.20). When e’ = 0, 6’+ 7’ = 180° -—- «, whence 7 (and 
thence 9) can be found from (2.1) or Table 1. The maximum value of e’ corresponds 


to the point P’ at infinity on the positive half of the asymptote of the echo curve: 
then e’ = «, or e= 180° — «; for this value d and h/ are both infinite, and # = 0’ = 90°. 


3.3 The shape of the echo surface 

The section of the echo surface (for a point Q at X, 0, Z) by any plane z = constant 
(z') is the circle 
24+ y—pxr+q=0, 

where p = 32’ X/(Z — 22’), and gq = 22’?(Z —2z’)/(Z + 22’). The fact that these 
sections are circular enables the shape of the whole echo surface to be inferred very 
simply from that of the echo curve; the diameter of the circular section of the 
surface by any plane z = 2’ is indicated by the distance between the two points 
of intersection of the echo curve with the line z = 2’, in such a figure as 1 or 2. 
Thus, in Fig. 1, the part of the surface on the upper side of the plane z = 0 has 
the shape of a slightly distorted pegtop resting obliquely on its point at O. The rest 
of the surface may conveniently be described in relation to its asymptotic or “‘base’”’ 
plane z = —4Z = --}a cosa; the surface intersects and crosses this plane in the 
straight line x = Z?/2.X = }a cos « cot «, which is parallel to Oy, and is a limiting 
“circular” section of infinite radius. Above the ‘‘base”’ plane the surface rises like 
a mountain; its base extends to infinity on the left; it has a peak at O, and the point 
of the “‘pegtop”’ rests on this peak; the mountain has circular horizontal “contour”’ 
lines. Below the ‘“‘base”’ plane z = — } Z the surface extends to infinity on the right 
and forms a “lake bed”’ which likewise has circular horizontal contours. 

When « increases to 90°, the “‘base plane”’ becomes the plane z = 0, the ““moun- 
tain” is completely flattened out, the ‘‘pegtop’’ becomes distorted to a hemisphere 
and its ‘‘point”’ at O ceases to be pointed, though it lies on a sharp edge of the “‘ peg- 
top”. The “lake bed” contracts to the shape of a hemispherical cup, beyond whose 
edge, for x positive, its surface coincides with the base plane and extends to infinity. 


4. EcHores OUTSIDE THE MERIDIAN PLANE 
The limits of distance and azimuth from which echoes can reach a station Q are 
determined by the section of the echo surface by the horizontal plane through Q. 
The equation of the section may conveniently be obtained by transferring the origin 
of coordinates to Q, and taking the outward vertical as the Q2’ axis, and the Qy’, 
Qz’ axes in the horizontal plane through Q, to the east and north respectively. 
The equations of transformation are 
z= (z'+a)s—2'c, y= ¥; 


9 19 


z= (a’+a)c+2’'s, r= (2 +a)y?+ y?+2%=r?-+ 2ar’+ a’, 
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where 
$= sina, C= COS a. 


After making the transformation the accents of the new coordinate symbols will 
be omitted. The equation of the echo surface then becomes (after dividing by c) 


(3a + 227)+a22+ 2a2x+4 (277 + ax—a?)zt=0, (4.1) 
where 
t= tana. 


The section of this surface by the horizontal plane (x = 0) through Q is given 
by the Cartesian equation 
(y? + 27) (22 + 3a/t)—a?z=0, (4.2) 
or 
3a/tan « 
a (4.3) 
where v = a/R, R? = y? + 2. This gives z for any chosen value of R, and hence y 
also can be found. 
The complete curve consists of a closed loop for z >0 (the polar part of the 
horizontal echo curve for Q), and an open curve for z < 0, (relating to the trans- . 
equatorial echoes). The latter has an asymptote (v = 0) given by 


z= — 3a/2 tana; 


the curve lies on the negative side of the asymptote. 

The closed loop is nearly circular for moderate values of «, and shrinks to the 
point Q (at B) for « = 0; when « increases to 90°, the loop becomes a semicircle 
of radius a//2, and the transequatorial curve becomes the complementary semi- 
circle with the extensions of the common diameter outside the semicircles. 

It is also of interest to illustrate the positions of the echo points not in the hori- 
zontal plane through Q, but at elevation e. The locus of these points is the inter- 
section of the echo surface with a cone of vertex Q and semi-angle 90°— e, where e 
denotes the (positive) elevation of the radio beam QP. The intersection is in general 
not a plane curve, but the positions of the points P may be shown by the plan of 
the intersection, on the horizontal plane through Q. This will be called the plan 
curve for elevation e; it gives the values of y, z and R for P, and QP=d= 
Rsec e; the height h of P is given by 


2ah+h? = R*sece+ 2aRtane. (4.4) 
It is convenient to determine R for chosen values of h; from (4.4) we have 


R= (2ah-+h?)/a(K + 1) tane, (4.5) 
where 
kK? = 1+ (2ah-+ h?)/a* sin’ e. (4.6) 


Having found the values of R for a series of values of e and h, the corresponding 
values of z on the plan curve for any chosen values of e are given by 


3 cos e + 3w cosec e Rtane. 


= — 


id cos € — w sin e — 2 w? sec e tan x 





(where w = R/a), which reduces to (4.3) when e = 0. 
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The plan curve consists of a closed loop, pointed at Q, for z > 0, and an open 
curve for z < 0 (the transequatorial part). The azimuthal angle y of the point P, 
reckoned from the northward direction, is given by cos y = 2/R; at the origin 
(w zero) 

cos y = 2 tan e/tan «, 


giving the direction of the tangents at the point of the loop, at Q. The transequatorial 
plan-curves have asymptotes (w infinite) at the angles y given by 


cos y = -- tane/tan a. 
The (geomagnetic) colatitude 6 of any echo point P is given by 


cos 9 = cos acoso + sin «sing cos y 


= cosa(a+ Rtane + ztana)/(a +h), 
where 
sino = Ri/(a +h). 
When 
y=0,0=a-6; when p=a2, 0=a+a. 


It is also of interest, in connection with the transequatorial echoes, to determine 
the colatitude* 6’ of the point P’ at which the geomagnetic line of force through 
any echo point P meets the ground, or rather reaches the normal lower limit of 
auroral height, say h’ = 100 km; the value of 6’ is helpful in judging the probable 
frequency of occurrence of an aurora at the point P. 

The equation of a line of force in a dipole field is given by 


a = = = 2cot 0, 
whick gives, on integration, r « sin? 6 or 
__ sin? 6 
r sin? 6’? 
where 7, 9 and 7’, 6’ are the coordinates of any two points along the line. In our 
y p g 
case, taking r= a + h, and writing 
a’ =a+h’, 
we have 
(a + h)/a’ = sin? 6/sin? 0’. 


Thus, knowing h and 6 for any echo point P, 6’ can be calculated. 

Figs. 5a, b and c show the polar parts of the horizontal section and plan curves 
(for several values of e) for radio stations in colatitudes « equal to 30°, 45°, 60°; 
points at heights 60, 80, 100, 150, 200, 250, 300, 350, 400, 450 km are marked, 
and also the height of the meridian echo point on each curve is given. The parts 
of the sections that lie below a height of 60 km are drawn in broken lines. The 
values of h, R and the colatitude 0 of each marked point are given. 

Figs. 6a and b show, on a smaller scale, the polar and the transequatorial hori- 
zontal sections of the echo surface for « equal to 45° and 60°; and also the plan curves 





* Here and in the remainder of this paper, 0’ is used in a sense different from that of § 3.2. 


13 





S. CHAPMAN 


e€-0° 











The geometry of radio echoes from aurorae 


for various elevations e. The values of h, R, 9 and 6’ are given for several points 
on each curve. 
Table 3 gives the results of the numerical calculations of these data for marked 


(and also for other) points in Figs. 5 and 6. 
e:0 





1 J 
400 600 km 


Fig. 5. The diagrams 5a, b, and c respectively refer to radio stations Q in geometric colati- 
tudes («) of 30°, 45°, and 60°. In each diagram the outer curve shows the section of the radio auroral 
echo surface by the horizontal plane through the radio station. It gives the distance from which 
an echo of a horizontal radio beam transmitted in any azimuth from Q will be reflected, that is, 
the distance d of the reflecting aurora. The inner curves on each diagram show, in projection on 
the horizontal plane through Q, the situation (horizontal distance R, the horizontal projection of d, 
and azimuth) of the auroral points that reflect back to Q a radio beam of elevation e. The parts of 
these curves that correspond to a height h of the echo point less than 60 km are drawn in broken 
line. For several points on the curves the values of h and RF for the echo point (P) are given: and also 
its geomagnetic colatitude 9. The marked points on the curves correspond to heights of 60, 80, 100, 
150, 200, 250, 300, 350, 400, 450km. The ‘“‘top”’ of these diagrams corresponds to the direction to- 
wards the axis-pole B (Fig. 1), from which direction the azimuths referred to are measured (see § 4). 


For a station Q at the equator (« = 90°), the horizontal section of the echo 
surface is a circle centered at Q; all the plan curves are also concentric circles. This 
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Fig.6. The diagrams 6a, b and c refer to radio stations Q in geomagnetic colatitudes (a) of 30°, 
45° and 60° respectively. In each diagram the nearly circular curve above Q is the polar part of the 
horizontal section of the echo surface for Q; as shown, on larger scale, in Figs. 5b, c. The trans- 
equatorial part of the horizontal section is the curve marked e = 0° (whose asymptote is shown). Plan 
curves for elevations (e) of 15°, 30° and 45° are also shown. For various echo points represented on 
the curves, values are given for h and R (on the left) and for @ and @’ (on the right). (See § 4.) 
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is illustrated in Fig. 7, where also the values of h, R, 6 and 6’ for some points are 
given. The plan curves are drawn for the heights (h) 1428 km (e zero), 2000 km 
(e = 13-4°), 2500 km (e = 29-5°) and 3000 km (e = 56-9°). The echo point vertically 
above Q is at height a/2 or 3185 km, and the value of 6’ for this point is 55-4°; 
that of @ is of course 90°. 

It is interesting to note that for stations in colatitudes 30°, 45°, and 60° respec- 
tively, the total range of azimuth within which polar echoes (for e = 0) from points 
at heights not less than 100 km can be received is approximately 18-6°, 108-6° 


8 90° 
h 3185 








e13% h 2000 R 4037 
e0 h1428 
R 4504 
Fig. 7. The diagram shows the horizontal section (the outermost circle) of the echo surface for an 
equatorial radio station Q, and plan curves for echoed beams at three elevations corresponding to 
heights 2000, 2500 and 3000 km for the echo points. Values of 0 and 0’ are given for several echo 
points, including the one vertically above Q (see § 4). 


and 141-6°. The range diminishes to zero at «= 27-8° approximately. The corres- 
ponding ranges in azimuth for a minimum echo height of 80 km are 55-0°, 118-8", 
and 146-2°; and the range diminishes to zero at about « = 25°. 


5. Errect oF ANOMALOUS REFRACTION 


Atmospheric layers with abnormal gradients of humidity and temperature can 
meterially increase the range of radar beyond that of optical visibility, especially 
for centimetric wave-lengths; the signal can be transmitted with little loss of power 
along such a layer (which acts as a ‘“‘tropospheric duct”’), if the duct thickness 
6 exceeds 4/2 sin g, where 4 denotes the wave-length and the angle between the 
direction of propagation and the level surfaces of the duct; values of 6 up to 70 m 
are common in many parts of the world, and ranges may be enhanced thereby by 
as much as 150 km, for wave lengths of a few metres; the signal paths are bent so 
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Table 3 
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A. Polar plan curves 
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Table 3. (Continued ) 
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Table 3. (Continued ) 








44-4 
43-1 
42-0 
37°8 
33-9 
29-1 
23-2 
148 15-2 
0 0 




















B. Transequatorial plan curves 
a = 45° 


11343 
11199 
10886 
10660 
10491 
10360 

9672 

9647 

Asymptote Z = 9555 


14918 
14942 
15074 
15231 
15404 
15592 
15790 
21297 


24407 
24653 
25127 
26083 
27045 
31431 


8040 
7914 
7152 
6731 
6466 
6285 
6057 
5584 
5570 
Asymptote Z = 5517 
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Table 3. (Continued) 


h R Z 4¥ 
(km) (km) (km) (km) 








e=15 y=81-1° 
6192 8991 8991 
6500 9326 8886 
7000 9873 8754 
8000 10951 8601 
9000 12012 8540 
10000 13060 8535 
12000 15127 8615 
35000 37923 9598 
40000 42801 12296 


e = 30° == 705° 

9918 10514 10514 
10000 10589 10521 
11000 11506 10641 
12000 12416 10800 
13000 13322 10983 
14000 14223 11098 
16000 16016 11636 
18000 17799 12123 
20000 19573 12193 : 
40000 37114 18147 : 87:8 


e = 45° = 54-7° 
19614 14925 14925 0 84-9 
20000 15187 15058 1971 € 85-1 
22000 16621 15803 5150 , 85-6 
24000 18052 16562 7183 S 86-0 
26000 19481 17331 8896 27- 86-3 26-5 
30000 22135 18782 11712 : 87-1 24-9 
40000 29448 22866 18 556 39- 87-7 21-9 























as nearly to follow the earth’s curvature. It seems likely, however, that this pheno- 
menon is not important in considering auroral radio echoes, whose signal path 
must lie mainly above the troposphere. The wave lengths with which auroral radio 
echoes have been obtained range from 2 to 85 m (150 to 85 Me/s); any additional 
anomalous range, in excess of that here calculated, will be confined to the shortest 
wave-lengths, and is unlikely to exceed a few tens of km. 


6. SUITABLE GEOMAGNETIC LATITUDES FOR AURORAL RADIO OBSERVATION 
At a radio station in north geomagnetic colatitude «, radio echoes of its own signals 
may be received, so far as purely geometrical considerations are concerned, from 
beams directed northward at any elevation between zero and the angle 7 correspond- 
ing, according to Table 1, to 6 = «. 

But the actual reception of such an echo will depend on the presence and 
reflecting power) of an aurora at the corresponding echo point; and the purely 
geometrical possibilities are limited by the fact that aurorae have a lower limit of 
height, which has so far not been considered in this discussion. The lowest aurora 
21 
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whose height was reasonably well determined was one at slightly over 60 km height, 
observed by Harana; in general the heights are about 90 km and more. Hence 
Fig.4 and Table 2 show that direct echoes can rarely be expected at stations in 
geomagnetic colatitudes less than 26° (or geomagnetic latitudes above 64°). This 
excludes such stations as Troms6 (« = 22-9°), College, Alaska (« = 25-5°), Sodankyla 
(26-2°), Point Barrow (21-6°) and Godhavn (10-2°) as sites from which aurorae may 
usually be observable by direct radio echoes. 

Such echoes should be receivable, however, below geomagnetic latitude 60°, 
e.g. at stations such as Sitka (60°) or Oslo (60°); for « = 30° echoes should be re- 
ceivable from northward radio beams of elevations up to 10°. The corresponding 
echo points will be located in geomagnetic colatitudes from 20° to 26°, which in- 
cludes the belt of maximum auroral frequency; and the heights of the echo points, 
between 90 and 118 km, correspond approximately to the parts of auroral arcs and 
sheets that are commonly the most luminous, and may also be the most intensely 
ionized and the best reflecting for radio waves. The distances of the echo points 
for « = 30° range from 436 to 1146 km. The nearer echoes, coming from the higher 
elevations and the most frequent auroral latitudes, may be the most effective. It 
might be of much value for auroral investigation to institute a regular look-out for 
direct auroral radio echoes from some stations in geomagnetic latitude 60° or a little 
less*, in situations having a clear horizon within + 45° of azimuth relative to the 
geomagnetic meridian. Such observations, being independent of weather, clouds, 
day and night, summer and winter, might afford statistical data of auroral occurrence 
free from the numerous gaps that in the past have made auroral statistics difficult 
to handle. 

At stations 10° further south (« = 40°) echoes may be received from elevations 
up to 19°; the echo points at the greatest elevations are the nearest, and the lowest. 
as is clear from Fig. 4 and Table 2. But the heights of the echo points for « = 40° 
are above the level where the luminosity (and probably the ionization) is usually 
greatest; hence the echoes, if received, may be less strong than for « = 30°. The 
colatitudes of the echo points for « = 40° range from 26° to 37°, so that they mostly 
lie outside the auroral zones, and echoes at the higher elevations would presumably 
be infrequent. But auroral echoes from these latitudes (« > 30°) could not be 
observed from a station at « = 30°, so that it might be desirable to keep an auroral 
radio watch on the sky at one or more radio observatories at « = 40° oreven a = 45°, 
so as to record the lower-latitude aurorae, at whatever time or season they might 
be present. 

Fig.8 may be useful in considering the most suitable location for a radio observ- 
atory for the reception of direct auroral radio echoes. Fig.8 is a transformation of 
part of the information contained in Fig. 4. It gives curves of constant height h 
of the echo points P, in colatitude 6, for an observatory in colatitude «; and these 
two variables are represented respectively by the ordinates and abscissae of the 
diagram. The broken line bounding the curves corresponds to zero elevation of the 
radio beam, that is, to horizontal echoes. The shaded area in the diagram indicates 
approximately the range of heights and echo-point colatitudes 6 for the most fre- 
quent aurorae. It shows that observatories in geomagnetic colatitudes between 





* See the Appendix. 
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about 29° and 32° are likely most often to receive echoes. These limits correspond to 
the most frequent range of height (100 to 125 km) for auroral brightness, and to 
20° to 27° for auroral frequency. But to observe the rarer but highly interesting 


aurorae that come down to lower 
latitudes, the station must itself 
be in a lower latitude. 

At an auroral radio observ- 
atory it would be advantageous 
if the radio beam could sweep in 
elevation, in the meridian plane 
and in other azimuths; or in 
azimuth, in a series of elevations. 
In planning a program, guidance 
may be got not only from Figs. 4 
and 8, but also from Figs. 5 and 6. 
By interpolation between these 
(or between the data given in 
Tables 2 and 3), such diagrams 
as Fig. 5 or 6 can be drawn for 
other colatitudes «. 


6.1 The reflecting auroral surfaces 
The preceding geometrical dis- 
cussion has as its basis the re- 
flexion from a single auroral 
ray; but a single ray is likely to 
have only a slight reflecting 
power. (Interesting considera- 
tions on this point are mentioned 
in a paper on auroral radio echoes 
by R. K. Moors [4].) Reflexion 
will be strongest when the ray 
is part of a surface which is per- 
pendicular to the radio beam, 
not only as regards the direction 
along the ray, but also in the 
horizontal direction. If the aurora 
has the form of an arc or curtain 
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Tig. 8 shows (by lines of constant height h, permitting inter- 
polation) the height of an auroral point in geomagnetic col- 
atitude 6 (ordinate) at which a radio beam can be reflected 
from and to a station Q in geomagnetic colatitude a (ab- 
scissae). The area in the diagram, corresponding to the 
heights of (in general) greatest auroral luminosity, and the 
colatitudes of most frequent auroral occurrence, is shaded 
(see § 5). 


lying along a parallel of geomagnetic latitude, the strongest reflexions are likely 
to be for beams directed towards the geomagnetic pole: but StORMER and others 
have found that the horizontal direction along auroral arcs and curtains is often 
inclined by some degrees to the auroral zone delineated by Fritz; in such cases the 
direction of strongest reflexion would similarly depart by some degrees from the 


geomagnetic north. 


Strong echoes from directions well inclined to the geomagnetic north may at times 
be observable, when the auroral surface is folded, as is often seen in drapery forms: 
the radio beam may “‘glint”’ back to the transmitter from a strip of such a surface. 
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7. Tur TRANSEQUATORIAL OR EXTRA-TERRESTRIAL ECHOES 


‘he preceding discussion has elucidated the geometrical aspects of the direct auroral 
radio echoes hitherto observed at the transmitting stations, namely (for northern 
stations) echoes coming from aurorae some degrees of latitude farther north. 

It also indicates the geometrical possibility of obtaining echoes at northern 
stations from radio beams directed south-wards, by reflexion from the aurora 
australis—namely, transequatorial echoes. So far as I know, such echoes have not 
yet been looked for. 

The heights of the corresponding echo points are lowest for a transmitting station 
on the equator (for which the term transequatorial ceases to be appropriate, but 
may still be applied, as the echoes concerned are more akin to the long-range trans- 
equatorial echoes for non-equatorial stations, than to the polar echoes observed at 
the higher latitude stations). The minimum height (see para. 3.1m or Fig. 6c) is 
1428 km, for a beam transmitted and returned horizontally. At this and greater 
heights, the aurora may be regarded as effectively outside the earth’s atmosphere; 
any echoes received must come from the primary auroral particles before their 
descent into the atmosphere. The degree of our ignorance as to the conditions of 
the stream of auroral particles in this region exceeds even that regarding the con- 
ditions in the (atmospheric) auroral region. Nevertheless, it seems worth while to 
try to estimate the chance of observing such transequatorial or e2tra-terrestrial 
echoes. 

8. THe DeENsITy OF THE PRIMARY AURORAL STREAMS 
The particles definitely known to come into the atmosphere from outside, during 
aurorae, are protons, which were revealed by the Doppler-displaced hydrogen lines 
in the spectrum from an overhead corona observed by A. B. MEINEL in August 1950. 
Other charged atoms may accompany the hydrogen, but may be assumed to be 
too few in number to need consideration. 

Protons are too massive to be likely to impart any appreciable reflecting power 
to the primary auroral stream ; this must depend on the electron content of the stream, 
which will at most equal the proton number density; let this be denoted by N’. 
We adopt the most favourable hypothesis, that N’ is the same for the electrons as 
for the protons. 

It may be expected that the energy of ionization and luminosity of the aurora 
in our atmosphere is supplied mainly by the kinetic energy of the protons. The follow- 
ing calculations on this point were made while at the California Institute of Techno- 
logy in June, 1950. 

Let n, denote the electron density associated with an aurora in the atmosphere, 
and let « now denote the recombination coefficient. If the primary aurorai particles 
maintain n, at a steady value over a period (which may be brief), the number of 
electrons newly formed per cc per second is given by 


poet 2 
q=an,. 


Suppose n, denotes the mean auroral electron density over a height-range / km. 
Then the total rate of production of electrons per cm? column of the auroral sheet 
or ray is 10°/q. Let N denote the number of electrons formed by each incoming 


24 





The geometry of radio echoes from aurorae 


primary particle. Then if their speed of entry is V’, the number that enter per second 
per cm? column is n’V’, creating n’V’N electrons. Hence 


n' V'N =10lq=10lani, (8.1) 
n’ =108lan/NV’. (8.2) 


For illustration, suppose / = 30, V’= 3. 108 cm/sec, N = 30,% = 10-5, n, = 108; 
some of these numbers may be considered to favour a larger value of n’ than is 
perhaps likely. Then 


n’ = 3. 


This shows how low might be the density of the stream of primary auroral particles 
(see the Appendix). However*, if , is 108, which is perhaps true at times, then n’ 
is increased to 3.104, which approaches much more towards a possibly observable 
value. 

This value refers to the number density of primary protons (and electrons) 
entering the atmosphere. As the primary particles are supposed to travel along the 
lines of geomagnetic force, and as these converge towards the earth, the density of 
the primary stream must on this account increase as it approaches the atmosphere. 


9. THE CONVERGENCE OF THE PRIMARY AURORAL STREAM 
The degree of this convergence can be estimated without difficulty. 

Let dS’ denote the area of normal cross section of a tube of force (and of flow 
of primary auroral particles) on entry to the atmosphere, and dS, the corresponding 
area of the same tube at some echo point P; let /’, F’ denote the total intensities 
of the magnetic force at the two points. Then as the magnetic field outside the 
atmosphere may be assumed non-divergent, the strength of the tube of force is 


constant, so that 
FdS=F'dS’. (9.1) 
Also let V denote the speed and n the number density of the protons at P. Then 
the continuity of flow requires that 
nVdS=n' V'dS’. 
Hence 
n=n' (V'/V) (dS'/dS) =n’ FV'/F’V. 
Here 
F «(1+ 3 cos? 6)/r3; 
hence, using also (8.2), 


, 


a \3/1+3cos?6 \i 10°lanz Q: 
comico PY Sek Sd end eat, 9, 
a+) (i Secaetl Ne (3) 


n= 


The value of V is not known; the downward increase of speed owing to the earth’s 
gravitational attraction is negligible compared with the hydrogen speed of over 
3000 km/sec observed by MeInExL. (The velocity of free fall from infinity to the 
earth’s surface is only 11-2 km/sec.) The auroral particles enter the atmosphere with 
speeds greater than that at which they are estimated to travel from the sun, and a 


* T owe thist commen to Mr. G. 8S. Hawkins. 
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process of acceleration in the proximity of the earth is therefore assumed to occur. 
D. F. Martyn has made an interesting suggestion as to this, namely that the accelera- 
tion is due to an electrostatic potential difference existing across the ring of ionized 
gas surrounding the earth—-with a radius perhaps a few times the radius of the 
earth—which conveys the westward electric current responsible for the decrease 
of horizontal geomagnetic force, characteristic of the main phase of a magnetic 
storm. We do not know any details of the acceleration process, and can therefore 
not estimate V with any certainty. In (8.2) the value adopted for V’ was 3000 km/sec, 
the observed speed of hydrogen atoms in the aurora; the speed just before entry 
to the atmosphere is doubtless greater than this, perhaps 10° km/sec, and V may 
be somewhat less, if the primary particles are continuously accelerated right up to 
the earth. 

The factor involving cos 6 in (9.3) will not differ greatly from 1; its value will 
be greatest when P is in the equatorial plane (9 = 90°), when the factor may approach 
the value 2 as a maximum. 

The factor [a’/(a + h)]* is approximately 4 for echo points P vertically above Q, 
when Q is on the equator. For more distant transequatorial echo points it may be 7 
or less. The general conclusion to be drawn is that the number density n of electrons 
at the transequatorial echo points will be of order unity or a little less, if m, = 10°, 
or about 104 if n, = 108 (cf. § 8). 

Such a density may seem to exclude any reasonable probability of observing 
the transequatorial echoes. But such great interest would attach to their detection 
if it proved feasible, that it would seem worth while to look for such echoes at times 
of great magnetic disturbances, in the hope that, if only here and there, and for brief 
periods, the above estimated electron density might sometimes be greatly exceeded, 
and perhaps also that some focussing effect might occasionally intensify the echo 
beam. The sharpness of the boundary of the stream of auroral primary particles 
would seem likely to exceed that of the auroral surfaces in the atmosphere. 


The least distances of the extra-terrestrial echo points would correspond to 
zenith echoes at a station at the equator; but 6’ for the echo points in this case 
has a very high value, 55° (declining to 48° for horizontal echoes), which will be 
realized only very rarely. Moreover it is not certain that the incoming particles 
flow exactly along the lines of geomagnetic force at all distances above the earth. 


For materially smaller values of 6’ it is necessary to go to values of « less than 
90°, and larger values of h: ¢.g., for « = 45°, and for elevation 30° above the southern 
horizon, the echo point is on the line of force for which 6’ = 36-4°. The chance of 
there being a stream of particles along this line of force is much greater than for 
6’ = 48°, but n/n’ will be less in this case than for « = 90°, owing to the greater 
value of (a + h)/a’. 

The auroral particles may possibly come from the ring current surrounding the 
earth, and a change of 6’ for the aurora is perhaps interpretable as corresponding 
to a change in the diameter of the ring; the echo point directly above an equatorial 
station, at the height 4a above the earth, would be effective only if the inside radius 
of the ring were (3)a, which is much smaller than the values commonly assigned 
(though as yet on no firm basis) to the ring. 
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To sum up this discussion of transequatorial echoes, from points well above the 
earth’s atmosphere, it may be said that though the chances of observing them do 
not seem very promising, an attempt to detect them, at times of great magnetic 
storms, would seem desirable. 

APPENDIX 
Jodrell Bank Auroral Radio Echo Observations 
Outstanding work on the observation of auroral radio echoes has been done since 
1947 at the Jodrell Bank Experimental Station of the University of Manchester, 
England, under the direction of Dr. A. C. B. LovELL, Professor of Radio Astronomy. 

LovELL, CLEGG and ELLYETT [5], using a steerable narrowbeam aerial, during 
the great auroral display of August 15/16, 1947, observed discrete echoes at a range 
of 480 km on a frequency of 46 Mc/s (6m); but at a frequency of 72 Mc/s (4 m) 
echoes were not received. The direction of the beam (not stated) appears to have 
been northward. An aurora at the zenith was visible at the time, and the echoes 
were interpreted as coming from above by reflexion, from an aurorally ionized layer 
with electron density n, about 5. 10’ per ce. 

HERLOFSON [3] proposed a different interpretation. From the beam and echo 
intensities he inferred a very low reflexion coefficient, indicating that the aurora was 
almost transparent to the 46 as well as the 72 Mc/s waves, implying that n, < 3. 107; 
also the reflexion, being only slight, must depend on the sharpness of the boundary 
of the auroral ionization, which he estimated to be sharp within a few metres, with 
n,>4.104. He ascribed the echoes not to the zenith aurora, but to a sheet of 
auroral ionization (inclined at the angle of magnetic dip) 480 km to the north, over 
Scotland, at a height of about 200 km. 

ASPINALL and Hawkrns [6] described further auroral echo observations with 
a new fixed aerial (mainly employed on meteor studies) on 72 Mc/s (which in the 
earlier observations had given no echoes). They recorded both diffuse and discrete 
echoes, the latter at ranges from 400 to 1000 km, with estimated heights from 
100 to 320 km, and a duration of about 100 sec. 

The beam width was +7° to half power, with elevation 8°-5 and azimuth 65° 
west of north (or 68° according to later figures). A similar beam at a west azimuth 
50° greater gave no auroral echoes. 

Mr. Hawkins informs me (May 1952) that he and his colleagues now regard 
it as likely that the reflexions are critical (implying electron densities of order 10’ 
to 10%), rather than partial, as HeRLorson proposed (this is because of the rapid 
diffusion from any sharp boundary at auroral levels). 


Discussion 
The geographical situation of Jodrell Bank is: 
53°14’ N, 2°18’ W. 


Taking the boreal geomagnetic pole B to be at 79° N, 70° W, I calculate that the 
geomagnetic colatitude is 33° 56’, and that the azimuth of B at Jordell Bank is 
18° 26’ W of N. Thus the echoed beam used by AsprnaLt and Hawkxrns had a geo- 
magnetic azimuth of 49°34’, and that of the non-echoed beam, 99° 34’; thus accor- 
ding to Fig. 5, no echoes would be expected for the latter beam. 
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The height of the meridian echo point inferred by HERLOFSON for the 1947 aurora, 
200 km, is inconsistent with Table 2, which for « = 34°, for an echo point at distance 
480 km, gives (by interpolation) about 113 km, well within the customary region of 
brightest luminosity. 

The later observations, on 72 Mc/s, at geomagnetic azimuth 49° 34’ W of N, 
should be discussed in relation to a diagram such as Fig. 5a, but drawn for the geo- 
magnetic colatitude of Jodrell Bank, 34°. Such a diagram has not yet been calcu- 
lated, but a rough sketch of it has been made by suitable interpolation between the 
results in this paper. 

If the radio beam were strictly parallel, in the quoted direction 49°34’ W of N 
(geomag.), elevation 8-5°, the position of the echo point would be unique, at a definite 
distance (about 400 km) from Q, and at a definite height (rather low, less than 80 km). 
The considerable range of echo distance must result from the finite angle of the beam. 
Its effective part seems likely to be that on the northerly side of the central azimuth, 
at azimuths less than 49°; because in this azimuth, and over the range of elevation 
to halfpower—15-5° to 1-5°—the echo distance ranges from less than 100 km to 
about 900 km, but the echo heights are in all cases less than 80 km, at which heights 
echoes may be regarded as unlikely, though perhaps they cannot be excluded as 
wholly improbable. 

For the mean elevation, 8-5°, and geomagnetic azimuths ranging from 42° (the 
minimum for half power) to 49°, the echo distance is about 450 km and the echo 
height somewhat below 100 km. 

The more distant observed echoes, up to 1000 km, seem difficult to explain unless 
they come from beyond the half-power cone of the beam, at low elevation and azi- 
muth about 40°; even so, for zero elevation and distance 1000 km, the echo height 
is only 80 km. It may be that the received echoes come from rather intense aurorae 
that produce notable ionization down to this level, well below the £ layer. 

Mr. HawkIns informs me that the much greater heights given by ASPINALL and 
himself [6] are due to a miscalculation (a wrong direction having been taken for 
the lines of magnetic force). 

The regular look-out for auroral echoes, suggested in § 6, has already been main- 
tained (though in a rather unfavourable azimuth) at Jodrell Bank since September 
1949. Up to May 1952, the number of aurorae observed was 32, or about one per 
month. If, as I suppose, the effective azimuth of these echoes was about 40°, the 
geomagnetic colatitudes 9 of the auroral echo points will have ranged from about 
31° to 27°, for the distance range 400 to 1000 km. At these colatitudes, and consider- 
ing that the echoes came by day as well as by night, the expected number of aurorae 
would distinctly exceed one per month. The deficiency may be due to reduced 
sensitivity on the fringe of the beam, and perhaps also to penetration of the weaker 
aurorae (with little echo) on account of the high frequency of the beam. It would 
seem desirable to use a steerable narrow-beam aerial on a somewhat lower frequency. 
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Notre ADDED IN PRooF 


1) Mr. M. Suerura has pointed out to me that in the calculation of n’ from (8-2) 
the numerical values that I have adopted for / and N correspond to too low a value 
of N/I (the number of ions formed per cm of proton path); namely 10-5, instead 
of 10°? of 10-3, which are the values he found (Rep. Ionosphere Research, Japan 
1952 6 147) for about 100 km height, the level of maximum aurorae; R. K. Moore [4] 
also adopts 10°? for this quantity. 

Thus my estimates of n’ are too large by a factor 10? or 10%, so that the possibility 
of detecting the proton beams outside the atmosphere by transequatorial echoes 
seems very small. 

2) As regards the difficulty (see Appendix) of explaining the more distant dis- 
crete echoes observed at Jodrell Bank, up to 1000 km, it may be suggested that the 
reflexion that produced them was not specular, by rays along the lines of magnetic 
force, as postulated in this paper. Though the echoes were discrete, they may have 
been scattered, from a strongly ionised auroral region at the observed distance, from 
any direction within the conical angle of the beam, and therefore, from geomagnetic 
colatitudes ranging from about 27° to 33°. If the observations are inconsistent 
with the geometry discussed in this paper, it follows that the echo is not returned 
by specular reflexion from rays along the lines of magnetic force. 
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ABSTRACT 

The equation of continuity for electrons subject to the influence of a vertical drift harmonic in time 
has been integrated by numerical methods, taking the processes of ion-production and recombination 
into account, for physical conditions representative of the F, region. The method of solution is quite 
general, and the treatment embraces both drift velocities and recombination coefficients which may be 
either uniform or non-uniform with height. The adequacy of published solutions of the continuity 
equation, in which ionproduction and usually also recombination are neglected, is examined and it is 
concluded that the neglect of these processes is justifiable in an initial survey of F, solar tidal data. The 
results of the analysis are applied to a brief discussion of the nature of the information regarding the 
vertical electron drift which can be derived from measured ionospheric data. 


1. INTRODUCTION 
Analyses of ionospheric data by Martyn [1]-[4] and Mirra [5] have established 
the existence of solar semi-diurnal components of tidal origin in the maximum 
ion-concentration N,,, the height h,, at which this maximum occurs, and the minimum 
virtual height h’. The theoretical discussion of the effects of vertical electron drift 
upon an ionized region necessitates consideration of the equation of continuity 


72 Re 2 oe 
<= 1—«N*—— (Nw). (1) 


Martyn’s solution of this equation, in which both ion-production and recombination 
were neglected, has been extended by Mirra [5] who takes recombination into 
account. However, as Martyn [3] points out, this simple type of analysis can be 
expected to yield useful results only when applied to the F, region, where the tidal 


term, 5 (Nw), is particularly important. For the Z and F, regions, the terms in I 


and « dominate the continuity equation and the tidal term is reduced to a perturba- 
tion. The solution of (1) in which all terms are retained, and under physical conditions 
representative of the H region, has been given by KIRKPATRICK [6]. 

In the present paper the solution of the tull continuity eq. (1) is obtained for the 
F, region, taking account of a possible height-dependence of the vertical electron 
drift velocity. Since considerable use has been made of the solutions given by Mar- 
TYN [1], [2] for the simpler continuity equation 

Fa Zoe : 

the extent to which these solutions reproduce the characteristics of the solutions 
of the full eq. (1) for the /, region is examined in some detail. The nature of the 
distortion of an ionized region when the recombination coefficient « is a function 
of height is also briefly discussed. 
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2. SOLUTION OF THE CoNTINUITY EQUATION 
The equation of motion for an electron is 


dz 
“dt sie w(z, t) (3) 
where w is the vertical electron drift velocity which in general will be a function of 


both height and time, and z is the reduced height (h —hy)/H. hy is the datum level 


ae ‘ ‘ 
and H ~~ = the scale height, assumed constant over the region. w and z 


are measured positive upwards. The solution of (3) may be written 
z= 2 (2, t) (4) 


with z, fixed by the initial conditions at t = 0. 
In the continuity equation for electrons 


ON 7 _ “aaa 2 
awe E a NV ay (Nw) (1) 


I and WN are functions of both z and ¢, and «@ is a function of z only. Writing « = 
a &(z) and = = T'(z,t), we obtain 


ON tw 2% — 16,1) —ay£(e) N®—T(e,1)N (5) 
which is to be solved subject to the subsidiary condition (4) imposed by the drift. 
The integration of (5) is performed by concentrating attention upon a given initial 
level z) and ‘“‘following the motion”’ as the electrons contained in an element of 
volume (cell) initially located at the level z are displaced by the vertical tidal 


motion. Putting » = +: (5) becomes for a given cell, 
0 


= fae Nowe [Ele9*— [7], 6) 


in which J, & and 7’ are to be evaluated at the height z which is obtained from (4) 
as a function of the constant z,) appropriate to the cell and the variable ¢. Integration 
of (6) gives v as a function of the time for each chosen initial level z), and the electron 
density contour may be transformed finally into a function of ¢ and z by applying 
the inverse of (4), viz. 2 = 2 (z, ¢). 

Under night-time conditions, J = 0 and (6) reduces to a BERNOULLI type equa- 
tion whose solution is 





v(ze,t) = t PE eR (7) 
Noo f s.exp{—fTat}| dt +6 (~) 
0 0 


The integration constant G(z)) is determined by the contour of the region at t = 0, 
and the absolute electron density by the adjustable parameter V,. This night-time 
solution is however of limited interest, as it is usually more convenient to obtain 
the solution of (6) for the period when J = 0 as part of the process of finding the 
daytime solution. . 
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The integration of (6) has been performed by the method due to MILLINGTON [7]. 
Writing I = I, F(z, x) where x is the solar zenith angle, Ny = (Io/x»)?, and changing 
to a time measured in terms of longitude ¢ (in radians) so that w t = 29 for a semi- 
diurnal tide, (6) becomes 

d 2 1 2T 
de asi (Iq %9)*[F (z, x) — § v7] —=—. 


The constant = (I, %)? is the same as the = of CHapMAN [8]. The value of o, 
0 


for the F, region is close to unity, so we take oj = 1. Hence 


$= Fen) 2 (8) 
in which it is to be understood that F, § and T are to be evaluated “‘following the 
motion”’ of a cell, with z given by (4). The details of the numerical solution of (8) 
follow the procedure set out in MILLINGTON’s paper. In order to find the complete 
electron density contour it is of course necessary to solve (8) for several different 
initial levels (different values of z)) and obtain y as a function of z and ¢ by making 
use of the relation z) = 2)(z, t) as already indicated. 

The profiles obtained in this way are accurate enough for assessing the effect 
of a large tidal drift upon an ionized region for which oa, takes values near 1, ?.e. 
the F, region. The inherent limitations of the method may preclude its application 
to the # region, for which o, ~ ;'; and the importance of the tidal term is very 
much reduce. 

3. Unirorm Drirt VELOCITY 


For a solar semi-diurnal drift velocity independent of height, the equation of motion 
(3) becomes 
W = W, cos (wt + €) = wy cos (29 + €). (9) 


The solution of (9), corresponding to eq. (4), is 
z= %+ sin (2p + e). (10) 


The hour angle » is reckoned from local noon as zero. 

In this section the solution of (8) is presented for the equator at the equinoxes. 
Hence x = ¢, and the ion-production term F(z, x), neglecting the correction at 
near grazing incidence, is 


F(z, 4) = exp (1 —z—e-* sec y) — > <psF 


(11) 
a n 32 
=0 = << > 
The recombination coefficient « is assumed independent of electron density and 
height, so that &(z) = 1. Eq. (8) has been integrated with four values of the phase 
angle « corresponding to maximum upwards drift velocity at noon (0/), 0300 hrs 


(37), 67 and 9%. The intervals chosen for the numerical working were 1 hr in 

time and = im 2.%, = = and w = = for a semi-diurnal tide, so that = = = 
The course of the electron density contours throughout the 24-hr period, for each 

of the four phases of drift considered, is illustrated in Fig.1. These profiles lead 
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to the region parameters »,, (maximum electron density) and z,, (the level at which 
this maximum occurs) for the moving region. Similar use of the region profiles 
given by CHAPMAN [8] for the static region with o, = 1 gives z,,, and v,,. The 
resulting departures from the norm of the static CHAPMAN region in the parameters 
of the moving region, 02, = 2m -——-2ms ANd O¥_ = Ym —V%m,, are Shown in Fig. 2. 

The behaviour of 62,, 
resembles that for the equi- 
librium region (J = « N*) 
for which 62, = 2, —% = 





~ sin (29+ ¢), although -° pos : ee nates 
° ° ; ’ wr sunrise 
there is a large phase shift —— n ana 


between day and night for 
6, and 6z,, is somewhat 
smaller during the day. 
The onset of ion-produc- 
tion at high levels shortly ~ 
after sunrise is reflected in 
the tendency for 6z,, to be 
small at this time irrespec- 2 av 
tive of the phase of the es = of ro pe 
drift, and also in the in- = Ve ae noon 
creasing divergence of the ' 
profiles for different phases 
during day-light hours 
(Fig. 1). 

Inserting the uniform 
drift velocity (9) into the 
simple continuity eq. (2), 
we have v,,— Ymz = 0 for 
the equilibrium region, im- “, i \ ap glares. 
plying that the drift has 4,|...-"/ ‘ A sunset 
no effect upon the electron # e a 
density, the region being ph ho o2 
displaced bodily without Fig. 1. Electron density contours for the moving region with 
change of profile. When uniform drift velocity, w,= }. Phase 0+ (- ); 3¢ (———); 
account is taken of the (6¢ x—x—x); 9f («x -——x——*x). 
processes of ion-production 
and recombination we find (Fig.2b) appreciable departures—up to |d¥,,| = 0-14— 
from the static CHAPMAN norm. For three out of the four phases considered the 
tidal drift lowers the maximum electron concentration at all times. This reduction 
in y,, is accompanied by a thickening of the region, but with the total electron 
content fy» dz of the region influenced only slightly by the drift. 


These departures from the CHAPMAN norm in y,, and in region thickness, are the 
result of the transport of cells of ionization by the tidal drift, coupled with the long 
lifetime of ionization in the F, region. The electron density at any level at a given 
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time depends upon the past history of the cell now located at this level, and these 
past histories may differ considerably as between static and moving regions. As 
Martyn [9] has concluded from general considerations, the usual effect of moving 
products of ionization from the site of formation is to lower the ion concentration. 
In this connection the anomalous behaviour of the drift phase 37 is worthy of re- 


mark. With this phase of drift »,, is increased above, and the region thickness is 
less than, the CHAPMAN norm, in con- 


| trast with the other phases for which 
| | A | the departures from the CHAPMAN 
‘Or — RE & | +r] norm are in the opposite, and anti- 
is | \ “7, cipated, sense. The explanation of 
this anomaly lies in the phase of 
the drift. For 37, the motion of 
a cell is in phase throughout the 
day with the motion of the level 
of maximum ionproduction h(p) = 
h, + Hlogsecg. There is thus a 
much closer correspondence between 
the cell of maximum electron density 
and the cell in which the maximum 
rate of ion production occurs in the 37 
phase than in the other phases, and 
the level of ionization is higher. 
The significant feature influencing 
the departure of the profile of the 
moving region from that of the static 
region, for a uniform drift velocity, 
is the motion of a cell of ioniza- 
Fig. 2. Departures from the static CHAPMAN norm in {tion jn relation to the movement 
the parameters of the moving region with uniform drift k : . 
veheuley, 0,5. aed? i _). of the level at which maximum ion 
production occurs at any time. 




















4. Hricut-DEPENDENT Drirt VELOCITY 


The solutions so far considered relate only to a drift velocity uniform with height. 
The integration of (8) with a non-uniform drift becomes laborious unless éw/éz 
is a function of the time only, which in practice restricts the type of drift law to 
a linear law of the type 


w= W(t) +27 (t). (12) 


Eq.(8) has been solved using two different phases for the function 7'(¢) in (12), 
one in phase with W(t) and the other in phase quadrature with it. These two drift 


laws, and their integrals, are 


w= —w,(1 + 02) cos 29 (13) 


2= - [(1+ oz) exp (— K sin 2¢) — 1] (13a) 
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w = — Wy (cos 29 — ozsin 2¢) (1 + K cos 2g)! (14) 
z= |z)(1+ K)—~ sin 29] (1+ K cos 2g) (14a) 


with K = one . One phase of drift only, 6%, is considered here. 


For o <1, the drift laws (13) and (14) are the limiting forms of the exponential 
amplitude gradient and the phase gradient laws considered by Martyn [1], [2], 
with the exception of the factor (1+ K cos 2) in (14). The drift law 

W = W, cos (wt + 02) 
gives rise to a continuous vertical drift of the mean height of electrons initially 
at the datum level which is not inherent in the drift law (14). The relative phases of 
W, 2m and v,, for the equilibrium region are however the same as found by Martyn, 
as may readily be seen by applying the drift laws (13) and (14) to the night-time 
solution (7) with « = 0 and obtaining for the parameters of the equilibrium region 
(if z,, = 0 at t= 0) 
(— K sin 2g) — 1] (15a) 
Vm = exp (K sin 2¢) (15b) 
for the amplitude gradient law, and 
K sin 29 
o 1+ Kcos2p 
1+ K cos 29 


Ym = es oe (16b) 





— 


for the phase gradient law. 

To assess the effects of a velocity gradient upon the region parameters it seems 
preferable to adopt as a comparison standard the region subject to uniform drift 
whose phase is identical with that at the datum level of the non-uniform drift laws 
introduced here, viz. 6. 

In Figs. 3a and 3b are compared the z,,’s and y,,’s for the three moving regions. 
Wy = 4 in each case; o = —} for the amplitude gradient (drift decreasing with 
height) and o = 0-21 for the phase gradient, corresponding to K = 0-2. The effect 
of the gradient upon z,, is most marked at night. That the effect of the gradient 
upon z,, should be small for small o, even for the equilibrium region, follows from 
(15a) and (16a). A detailed analysis based on the night-time solution (7) shows that 
the motion of z,, is not changed when recombination is taken into account, and the 
result that a gradient of drift has little effect upon z,, during daylight hours is con- 
sistent with the conclusions of section 3. The phases of 6y,, agree closely with 
phases of »,, for the equilibrium region vide (15b), (16b). The amplitudes of the 
variations for moving and equilibrium regions are comparable at night but the 
former are reduced by the presence of ionproduction during the day. 

As an index of region thickness we define a semi-thickness 1, the distance in units 
of z between the level of z,, and the lower level for which vy =! y,,. The semi- 
diurnal tidal fluctuations in t, superimposed by the gradient upon the diurnal 
fluctuation for the region subject to uniform drift, are out of phase with the tidal 
variations in v,,—see Fig. 3c. 

To discuss the effect upon the region parameters of varying amplitude and 
gradient of the drift, we first note from (15a), (16a) that provided K is not too large. 
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Fig. 3. Region parameters for three moving regions, 
Wy = 4. (a) level of maximum electron density, 2; 
(b) Maximum electron density ¥,,; (c) Semithickness T. 
Uniform drift (————); amplitude gradient o = — } 
(— — —); phase gradient o = + 0-21 


(x—x =x). 


the amplitude of the fluctuation in z,, 
is almost independent of the gradient, 
and is proportional to the drift velo- 
city wy at the datum level. These 
conclusions should apply equally well 
to the moving region. On the other 
hand, to deal with »,, satisfactorily 
it would be necessary to integrate (8) 
afresh for each value of K considered. 
However, some approximate calcula- 
tions show that, at least for | K |<}, 
the amplitude of 6,, is roughly pro- 
portional to K, as would be expected 
from (15b), (16b). 

The curves for the phase gradient 
law in Figs. 3a and 3b, which apply 
only to the F, region, may be 
compared with the corresponding 
curves given by KIRKPATRICK [6] 
for departures of a moving £ region 


from CHAPMAN behaviour, when 
M4 


W = Wy COS (29 +02 —$)- Rememb- 
ering that in KIRKPATRICK’S analysis 
the scale height H=10km, w, = 
2-25/hr and K = 0-3, whereas in 
the present case w= 4 and K = 0-2 
only, then despite the minor dif- 
ferences in the two types of velocity 
law it is legitimate to infer that the 
tidal fluctuations induced in z,, and 
Ym by the same electron drift are 
reduced during daylight hours by 
an order of 10 in passing from the F, 
to the E region, and that large phase 
shifts occur between the two regions. 
Such a radical change in behaviour 
is of course the consequence of the 
very different lifetimes of ions and 
electrons in H and F, regions. 


5. Hetcut-DEPENDENT RECOMBINATION COEFFICIENT 
Working with a recombination coefficient of the form 
a = %, e~ ??/N 


where p is a constant, Mirra [5] has shown that at night the effects of recombination 
and vertical drift are independent of each other and are additive. 
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The night-time continuity eq. (7) has been solved by numerical methods, using 
a=ae ”? (17) 
and the amplitude gradient drift law (13), with w,= + $, o=—4, p= 1:36, 


No & = --hr-! and G(z )=1— *S | The zero of time is here reckoned from sunset. 
0 “0 4 0 4 


This particular value of p = 1-36 was derived from the model ionosphere of BatEs 
and Massey [10]. Physically a smaller value for » seems more appropriate, but the 
example considered here will serve to illustrate the nature of the solutions obtained 
by adopting a recombination coefficient which decreases with height. 


The region parameters z,, and y,, = y. are drawn in Fig. 4. From the curves 
9 


for the static region, also shown in the diagram, it is clear that for the recombination 


=e 
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Fig. 4. Night-time region parameters for static and moving regions when « = % exp (— 1-36 =). 
Moving region, w, = }, o = — }(———_; statie region (— — —). 


coefficient (17) the effects of recombination and of drift are additive, but with a 
considerable reduction in the amplitude of the variation of z,, which is due partly 
to rapid erosion of the underside of the region when the drift is directed downwards 
and partly to the elevation of the region as a whole into levels where the drift velo- 
city is decreasing because of the amplitude gradient. 

Rigorous investigation of the behaviour of the region parameters during daytime 
of course demands numerical integration of (8) with § = e~”*. But since during 
the middle part of the day d N/dt, in the absence of drift, is small, we may estimate 
this behaviour by first considering the static equilibrium region and then using 
the results already derived above to assess the effect of a superimposed vertical drift. 


In dy’ 
dp 
where v’= N’/N, and N, = (Ip/a%)? has the same significance as for the static 
CHAPMAN region, put d»’/dgy = 0. Then 


v’ = exp} {l —z(1— p)—-e~*secg}. 


= exp (l1—z—e ‘secy)—ec 7 »’? (18) 
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It follows that 
vy’ 1 


y 
—2m = — log (1— p) 
2 so 


Yin 

where the unprimed symbols refer to the static CHAPMAN region. The gradient of 
recombination coefficient displaces the level of z,, upwards and increases the electron 
density at heights greater than z = 0. Recalling that the height of z,, shortly after 
sunrise is determined by the onset of ion-production at that time, rather than by the 
level of z,, immediately prior to sunrise, the night-time elevation of the region des- 
cribed by (18) will result in the elimination of at least part of the rapid increase of 
2 at sunrise which is typical of the static CHAPMAN region. 


“-“m 


When tidal drift is present, z,, will again oscillate about the static norm appropri- 
ate to (18), but the bodily upwards displacement of the region will in effect furnish 
a new datum level, and if the drift is diminishing with height the amplitude of the 
oscillation of z,, will be reduced below that for the moving region with p = 0. The 
observed variations in z,, will therefore refer to different levels of the ionosphere 
according as p + 0 or as p = 0; in either case the relation w) = w . 62, will hold 
approximately, if the appropriate static norm is used to obtain 6z,, = 2m —Zms- 


6. INTERPRETATION OF JONOSPHERIC DATA 


From the reduction of (h’, /) curves obtained using ionospheric sounding equipment 
the following quantities are measured; critical frequency f°, height of maximum 
electron density h”, and minimum virtual height h’. The two latter quantities 
determine a region semi-thickness t'=h”—h’. The corresponding quantities in 
the present treatment are the region parameters ,,, z,,and t. From Sections 3 and 4 
it follows that a vertical electron drift, if it exists at levels where the F, region is 
formed, should show up most clearly as a semi-diurnal component of h’” whose 
amplitude and phase are only very slightly dependent upon the height gradient 
of the drift. On the other hand, the appearance of tidal semi-diurnal components 
in the variations of f° and 7’ is conditional upon the existence of a height gradient 
of the drift, and the phase of these semi-diurnal components depends upon the type 
of height gradient, whether amplitude or phase or a combination of both. 

Discussions of ionospheric tides based on measured critical frequencies have been 
given by Martyn [4] and by Mirra [5]. In order to derive the phase and amplitude 
of the drift velocity at the datum level from the critical frequency variations it is 
obviously necessary to know both the type and magnitude of the height gradient 
of the drift. As neither of these characteristics of the drift are as yet well defined, 
these treatments must be accepted with some reserve. JONES and JONES [11] have 
isolated a small semi-diurnal component in the variations of the semi-thickness 1’ 
of the F, region at College, Alaska, but for reasons given below it would be unwise 
to regard this as firm evidence for solar tidal variations in 1’. 

It may appear to be a comparatively simple matter to deduce the phase and 
amplitude of the drift (but not its gradient with height) from the measured variations 
in h”, but unfortunately the departures of h” from the CHAPMAN norm are so gross 
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that this is scarcely possible. Measurements analyzed by Martyn [1] and by 
Mitra [5] reveal a pronounced maximum in h™ near noon and a second, lesser, 
maximum near midnight. Ignoring for the moment the noon maximum we may 
assume that the midnight maximum is purely tidal in origin and so find for the drift 
velocity (averaged over a period of years) an amplitude of 15 km/hr about a datum 
level near 300 km for Canberra, and for Calcutta 10 km/hr about 400 km. The phase 
of the drift is 9* at both stations. (It should be noted in passing that this value of 
the drift velocity for Calcutta is in reasonable agreement with that derived by Mirra 
from the study of critical frequencies, viz. 12-17 km/hr.) Now the daytime amplitude 
of drift cannot be greater than this, and so the high noon maximum in h” cannot 
be tidal in origin. 

The hypothesis of solar heating has been advanced by LEPECHINSKY [12] to 
explain the elevation of the F, region near noon. A rise in temperature from sunrise 
to noon forms the region at successively higher levels where the rate of ion-production 
is less and leads to a marked thickening of the region and a decrease in maximum 
electron density. From the point of view of tidal theory such a displacement of the 
datum level has three consequences. In the first place, if (as is probable) the re- 
combination coefficient « falls off with increasing height, the transfer of ion-pro- 
duction to higher levels near noon will result in a marked reduction of the product 
= (ly Og)? = = and consequent enhancement of the importance of the tidal term 
relative to the other two terms in the continuity equation. The daytime departures 
of v,, from the static norm will then tend to approach the night-time behaviour even 
more closely than when « is constant. Nevertheless, the shift of the datum level 
will bring about a decrease in the amplitude of the oscillations of z,, during the hours 
near noon. And finally the electron density profile of a region formed under the 
influence of a combination of solar heating and of height-dependent recombination 
may vary sufficiently, throughout a 24 hr period, to mask the predominantly semi- 
diurnal component of the tidal fluctuations in the region thickness t’. The averaged 
height data for h” and h’ already referred to above contains no evidence of tidal 
variations in t’, even during the hours of darkness. 


7. CONCLUSIONS 

From the foregoing analysis the conclusion may be drawn that for the F, region at 
the equator at the equinoxes the departures of the region parameters z,, and 7,,, 
for the moving region with « = constant, from the static CHAPMAN norm are ap- 
proximated rather closely by the solution of the simpler eq. (2) for the equilibrium 
region. There is however a consistent tendency for the effects of the drift to be 
slightly suppressed during daylight, which is simply a consequence of the long life- 
times of ions and electrons at these high levels, where they may travel for consider- 
able distances before disappearance. The departures of z,, and y,, from the CHaP- 
MAN behaviour are very largely determined by the drift alone. It follows that the 
solution of the full continuity eq. (1) will be rather insensitive to the form of the 
ion-production function F(z, 7) at places and seasons other than the equator at the 
equinoxes. 

Solar heating and a height-dependent recombination coefficient bring into play 
factors other than the transport of celles of ionization, the most important being an 
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upward displacement of the effective datum level which reduces the amplitude of 
the tidal oscillation in z,,. If these complications are borne in mind, the simple 
continuity eq. (2) should give a description of the departures of tidal origin from 
the appropriate static norm quite adequate for an initial survey of measured F, data. 
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ABSTRACT 


A stream of charged particles is considered, which moves through a magnetic field without collisions 
and remains everywhere neutral. It is assumed to start from a region where the velocity and density 
of the particles are uniform and there is no magnetic or electric field. Expressions for the conservation 
of vorticity and energy are derived and an electric field shewn to be necessary to maintain the stream’s 
neutrality. In the case of steady motion, these lead to relations which can be used to estimate the spatial 
distribution of the stream and of the magnetic field from a knowledge of the initial conditions and the 
magnetic field when the stream is absent. They shew that the stream must in certain cases flow all 
round a magnetic dipole. 

If the stream has properties likely for one coming from the sun, the theory shews that particles from 
most points on its inner boundary cannot reach the earth’s surface in low enough latitudes to give 
aurorae. Particles may still reach arcs of the auroral zone from a small region of the stream, and this 
possibility is discussed as the most likely explanation of aurorae based on the initial conditions assumed. 


INTRODUCTION 
It is known that the light of an auroral display is radiated chiefly from the oxygen 
and nitrogen about 100km above the earth, but the way in which the necessary 
energy is supplied is still uncertain. A general correlation between aurorae, magnetic 


storms and solar disturbances is best explained by supposing that this energy is 
carried from the sun by massive particles moving in a relatively narrow beam with 
a speed of the order of 1000 km/sec. This requires that the stream itself shall be 
electrically neutral, although effects depending on the earth’s magnetic field shew 
that the particles themselves must be charged. Such a stream, reaching as far as 
the earth, has not yet been observed, but it can still carry sufficient energy while 
having a particle density so low as to make its direct detection impossible. 

A fundamental difficulty in the theoretical treatment of the stream is that the 
magnetic field in which it starts, and in which it flows at points far from the earth, 
is unknown. ALFVEN [1], in his theory of aurorae, has supposed that there is a solar 
magnetic dipole field, of higher order than the earth’s at a distance of 100 earth’s 
radii from the earth, and that the particles gyrate throughout their journey. CHap- 
MAN and FERRARO [2], in their theory of magnetic storms, have assumed that far 
from the earth the stream flows uniformly in a region where there is no field. This 
alternative has led to an explanation of the first phase of great magnetic storms, 
which can be shewn to arise as the stream first approaches the earth. The analysis 
of the motion has not been taken beyond this stage and it has seemed likely that if 
it were it might form a satisfactory theory of the aurora. 

The stream considered by CHapMAN and FERRARO is one of equal numbers of 
positive ions and electrons with a density so low that collisions between them can 
be neglected. As it begins to flow into an increasing magnetic field a LORENTZ 
force acts on the particles, which at first deflects the electrons appreciably, although 
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not the heavier positive ions. At this stage the electrons are constrained to move 
with the ions by the electric field set up if they try to lag behind. They form a cur- 
rent layer at the front surface of the stream which increases as the stream ad- 
vances and generates an increasing magnetic field. The resultant magnetic field 
is the same as if the original field were reflected by the front of the stream. The 
effect is identical with the magnetic screening of the inside of a highly conducting 
body by currents set up at its surface and FERRARO [3] has developed and applied 
the Lonpon theory of the diamagnetism of super-conducting solids to the stream 
at this stage of its motion. 

The stream may still move as a rigid conductor, even into regions where the 
applied magnetic field would be strong enough to deflect the heavy ions. If the 
density of particles is high enough, the current necessary for screening can be set 
up in a very thin layer and very little flux need enter the stream to maintain and 
increase it. The resultant LorENtTz force on the ions, even in the current layer, may 
therefore be kept too small to affect them. In other words, although the resultant 
magnetic field at the core of the current layer has the same strength as the applied 
field at the same point, the resultant field moves at nearly the same speed as the 
stream. Finally, the front of the stream will reach a region where the applied field 
is so strong that the flux entering to maintain the screening current significantly 
changes the momentum of the heavy ions in the current layer. This brings to an end 
the first stage of the motion, as the analogy with a rigid body ceases to hold. 

In applying their theory to the case of a stream approaching the earth, CHap- 
MAN and FERRARO have shewn that the first rise in field strength in a magnetic 
storm can be attributed to the reflection of the dipole.field by the front of the stream. 
The rise occurs in a few minutes, which agrees with the speed assumed for the stream, 
and is of a magnitude which could be given by a particle density of about 10 per cc 
if the ions have the mass of protons. A comparison of the time taken for a storm 
to develop with the several hours that an auroral display may last, shews that, in 
order to supply energy for the aurora, the stream must reach some relatively steady 
state of motion. It will not then behave as a rigid body, or as any normal fluid 
—there being no isotropic.pressure as there are no collisions—and special methods 
are needed to deal with it. 


1. FUNDAMENTAL CHARACTERISTICS OF THE STREAM 
Some indication of the sort of stream likely to be of interest for the theory of 
aurorae has now been given. As a starting point to a study of its motion, these 
definite characteristics are set out in detail together with some others which will 
be assumed for convenience in the analysis: 

(a) The stream flows originally from a region where there are no electric or 
magnetic fields, the velocity of all particles is the same and their density is uniform. 

(b) The effect of collisions is negligible throughout any region where a magnetic 
field affects the motion. 

(c) The densities of unlike charges are equal at every point, the differences between 
them needed to give any electric field set up during the motion being assumed 
dynamically negligible. 

(d) The magnetic field may have a component which is independent of the 
stream, called the applied magnetic field. It is always a gradient field. 
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(e) There is no applied electric field. 

(f) All particles with like charges have the same mass. 

(g) A velocity field exists which is a continuous and in general many-valued 
function of position with a unique system of stream lines. In any region the mo- 
tion will be called periodic if there are planes in it cut more than twice by the same 
stream lines. 

Vectors are denoted by capital letters throughout, the same small letter being 
the magnitude of the vector. The vector and scalar products are written A,B 
and A . B and the triple vector product defined, as regards the order of its factors, 
by A,B,C = (A.C)B—(A.B)C. The subscript 1. refers to the positive and 
2. to the negative charges. 


2. CONSERVATION OF VORTICITY 


Consider the positively charged particles in the stream with mass m and charge e 
moving without collisions in a region where there is an electric field H and a magnetic 
field H. The equations of motion are then 


mV=*°ViH+eE (1) 


where V is the time derivative of the velocity field along the trajectory of a particle. 
This equation may be rewritten 


m( +7 —VVV) =< +ek. 
Operating on both sides with Vi 
m (2 0xV —PrVaVnV) = °OsVaH + eVn£. 
\ot : c 


Using MAXWELL’s equation 


1 0H 
cima ét 


. ja (VV + £H) =VoVa(mVaV + ¢ HH). 
Now, 


> DV0V=V.0.V) V—-V.V AV =“V). VV —V.V)VV—V.VRV 
so that 
S (mPsV + © H) + V.V(mViV + © H) =m (VV). VV —m(V.V) Po + 
~H.VV—<(V.V)H 
Sj (mVaV + £H) =m (MoV + £H).VV—(mPaV + 2 H)P.V. (3) 


If at any time (mVs V + : H) = 0 this shews that £ (m Viv + - H) and all higher 


derivatives also vanish. Therefore, if | mViV + < H = 0 when ¢t = 0it remains 0 for 


all time. This particular solution gives the conservation of vorticity theorem found 
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by Ferraro (1945). As the conditions at t = 0 are those assumed initially for the 
stream for both types of particle, throughout the motion 


mViVtH=0. (4) 
c 


3. CONSERVATION OF ENERGY 
Returning to eq. (1) vector and scalar potentials A, m may be introduced related by 


(5) 
Eq. (1) becomes 


Multiplying by V, 
V.(FVV2+eVg)=—V.(mo + 2). (6) 


From eq. (4) 
mV + ; A=V-. (7) 


Although H is unchanged by a gradient transformation of A, lz cannot in general 
be eliminated by such a transformation because 


V.Aa=x=0 bet VV. +0. 
Kq. (6) then becomes 


This equation implies that either 


mM 2 | Ox) _ 
(™ v4 ep + 2) —0 


or the equiscalar surfaces of 
mV? Cx 


oars 


ral 
are built of stream lines of the velocity field. In the latter case, since at t = 0 


mv? . Cx V} 
+eqgt—z—=m—_— 2 
a ae 2 


each surface has the same value for 


m V2 


so that again 


for all ¢. 

Suppose now that the stream is neutral, made up of two types of particle with 
masses m, and m, and opposite charges. If the stream has originally the steady 
velocity V, where y = 0, dy/ét = 0 
an Ve ° 
a =M, -. (8) 
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Adding these equations 
m, V2 +m, V2 eC ( mM. 
Se ri (a+ “@)=—3™ 7) “Vy. (9) 


When the motion becomes steady the time derivative vanishes and the total kinetic 
energy of a pair of ions is constant everywhere. 


4. THE EXISTENCE OF SOLUTIONS OF THE EQUATIONS oF STEADY MoTION 
One of the fundamental assumptions is that the densities of positive and negative 
charges are for dynamical purposes equal at each point. It will now be shewn that 
this is equivalent to knowing the electric field and that, in general, an electric 
field is set up wherever the stream flows through a magnetic field. 

If n is the particle density, the current density at any point in the stream is 
n e(V, —V,). As the applied field H is a gradient field, the MAXwELL’s equation for 
the total field H is 

U. B= “22° ¥,—¥y. (10) 
There are also the equations of continuity for each type of particle 
V.2i=—060, PF.n%,=—0 
the vorticity equations 
Vim, V, + “H= 0, Vam,V,— <H = 0 


and the energy equation 
m, Vi + mz Ve = (m, + mz) Vo. (13) 


Let a Cartesian coordinate system be chosen in which the applied field H is 
at rest and V is along the z-axis. The set of vector equations may be written as 
scalar equations involving 10 scalar functions—the 9 components of H, V,, V, 
and n—and their derivatives with respect to x, y and z. These equations can be 
solved to give the derivatives of the 10 scalar functions with respect to x in terms 
of the derivatives with respect to y and z and the functions themselves. The Caucuy- 
KowALEwWSKI theorem then states that solutions of these equations exist completely 
determined by values of these functions over a surface x = 2p, that is, by the initial 
conditions in the stream. This shews that the condition that the density of positive 
and negative charges must be equal everywhere determines their motion as effec- 
tively as giving the electric field. 

If there were no electric field anywhere the energy equation shews that every- 
where V? = V3. The equations are then overdetermined and can only be solved in 
such special cases as H = 0 everywhere or where m, = m, and H is a function of x 
only. 


5. PENETRATION OF A GIVEN MAGNETIC FIELD BY THE STREAM 
Supposing that the stream is flowing steadily into a region where the total magnetic 
field H is known, it is of interest to find out how far it can reach in a direction per- 
pendicular to the magnetic field, that is, how much magnetic flux it can penetrate. 

The energy equation gives for the greatest velocities of positive and negative 
particles 


2max — 


mM), 2 ("4 V8. (14) 
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Taking first the case of aperiodic motion, consider a small rectangular area perpen- 
dicular to H with sides of length a and 6. Let the magnitudes of the velocities along 
opposite pairs of sides be v,, v, and v,, vg so that, applying SToKEs’ theorem 


av,+ bv,—av,—buy=f[VV.d8. 


If h ist the mean magnitude of the magnetic field over this area the vorticity 
eq. (12) give 


[0r.V.dS ==" ab, m=, OF Ms. 
Therefore 
— mMVUmax C 
eh _ 
The term on the right of this inequality is the radius of curvature of a particle of 
the stream gyrating with its maximum speed in the field H. In the case m, < m, 
for particles with mass m, 
ab (m, Mo)? Up € 
ot << eee 
a oe (16) 
The dimensions of the stream which can flow through a region where the strength 
of the magnetic field is h are limited by this relation. It shews that in a given field 
the stream can penetrate to any distance but cannot have more than a certain 
width, depending on the masses of both types of charge and their initial velocity. 


The relation (15) has been proved for aperiodic motion, and it might therefore 
seem possible to avoid its consequences by introducing a periodic component in the 
particle velocities. An analogous case would be that of a particle moving freely in 
a magnetic field alone, which cannot reach in any direction perpendicular to the 
field further than its gyrational radius; by applying an electric field it can be made 
to drift anywhere. 

Suppose then that the velocity field has a periodic component W and an aperiodic 
component U, so that V.;W accounts for most of the vorticity due to the magnetic 
field. The conservation of energy equation then gives 


VWi—U?—W?—-2U.W= 4 722 


The term 2 V.W requires that the potential ¢ shall also be periodic in the same way 
as W, that is, that gy shall vary significantly over a distance of the order of the radius 
of gyration of the particle. 

The disagreement between this result and the fact that, for instance, a stream 
of gyrating particles can drift with constant velocity in homogeneous electric and 
magnetic fields at right angles to one another is due to the different initial conditions. 
It is these which have allowed the equations of motion to be separated to give the 
conservation of vorticity and energy theorems used above. In the special case of 
particles all gyrating with the same energy in a homogeneous magnetic field the 
relation (4) still holds provided the same branch of the many-valued velocity field is 
always taken. It no longer holds when the homogeneous electric field needed for 
the drift is introduced. 
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6. Motion In AN AXIALLY SYMMETRIC INVERSE-CUBE MAGNETIC FIELD 

An example of the results of the last section is the problem of the stream flowing 
steadily through a magnetic field which is parallel to a given axis and varies in 
strength as 1/r? where r is the distance from the axis. If V, is perpendicular to the 
axis the motion is essentially two-dimensional, each particle moving in a plane. 

The equations of motion (10) to (13) can be applied by setting H = H, = 6 K/r° 
where K is a unit vector along the axis of the magnetic field. The magnetic effect 
of the stream is therefore neglected. As will be seen later, it is not in general negligible 
but only by this means can the eq. (10) be eliminated and the problem treated in 
two dimensions. It does not then matter that Hy, is not in fact a gradient field. 

The vorticity equations for each type of charge are 


4= fa 4 Vo=Vi2-+ —Ayg. 


Ms 


A, being the vector potential for Hy and y,, 7, unknown scalar functions depending 
on the expression chosen for A,. The energy equation becomes 
7» See " 7 e oo 2 

Mm, (vr 1 mn, A)| + Mg (V2 + ™, Ay} = (m, + mM) Vo. 
By introducing two more scalar functions y,, y, the equations of continuity may 
be replaced by 

nV, = KiVy,, nV, = KiVyy. 

Writing these equations in polar coordinates (r, 0) in a plane at right angles to K 
and eliminating V,, V, and n 


My, 22 + My a3 


\3.,. Za 36 \2 2 he x ! 
my {xt + (%2) 4 12) + mg yh, + (# “ — Saye 4 aa = (my + mg) v5 


a 


“ir Yir + X10 Yr0/7? a Oy V1 6/7? = 0 
Zar Vor + Hao Wo/7? — hy Woo/7® == @ 


Arr Pool? — Zor rol? = O 


The components of A, are taken to be (0, — £/r?). 
If V is parallel to the axis 6 = 0 the initial conditions, disregarding arbitrary 


constants, are for r large and — 2/2 <@8< 27/2 
The solution satisfying these conditions can be found by expanding the functions 
as power series in 1/r with coefficients depending on 6. Substitution in the equations 
then gives an infinity of sets of 4 first order ordinary differential equations with the 
coefficients as unknown functions. These have been solved as far as terms in r~4 
giving for the radial and tangential velocities v, and v,, 

ee 3 6— sin 9 cos O) Hy he Wy 

— eee} 4 ( sin’ 0 } v2 rt Bs 

nh = os tp. 

ii sin @ + a 


1] /3sin@ —sin?@—36cos0\ a, % 
a ome ae 
Vor 3 (“saree | Oy Xs 
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V26 Xs 1 (see | Oy My 


=" = sin @——?, — — 
U UT? 4 \ sint 6 v2 4 





47 





B. C. LANDSEER-JONES 


When m, = m, it becomes clear in the integration that all the velocities are power 
series in the variable «/v, r?._ The stream can only flow on with its original momen- 
tum into regions where «/v)7?< 1 that is, well outside the circle of radius (e B/m v9 c)}. 
This is the orbit of a particle when the inertial force just balances the LoRENTz 
force and is the boundary of the region into which it could penetrate when moving 
in a SToRMER trajectory with a speed vy». When m,> m, the same condition 
for the initial momentum of the heavier particles, and therefore the stream as 
a whole, to be unchanged is («, «»)*/v9r?< 1. In this case, penetration by the stream 
can be compared with that by a single particle with the same initial speed and a mass 
(m, ms)*. 

The first two terms of the electric potential set up are 

V, B sin 8 1 1 2¢ 
i He ee 


Qg = 


The term in r~*, which vanishes when m, = mg, is independent of 6 and represents 
the electric field needed to keep the lighter particles moving into the magnetic 
field with the heavier ones. 


7. Tue MaGnetic EFFECT OF THE STREAM 


In earlier sections the magnetic field has been supposed known at least to its order 
of magnitude. In reality, only the applied field is known and the total field, includ- 
ing that due to currents in the stream, must be found from the equations of motion. 
CHAPMAN and FERRARO have shewn that as the stream approaches the currents set 
up tend to exclude the applied field from it and so allow it to enter regions which it 
could not otherwise reach. It will now be shewn to continue flowing steadily into 
much the same regions if it is assumed to remain diamagnetic. This implies that 
on entering the magnetic field the charges of either sign begin to move in the direc- 
tion of the Lorentz forces on them. According to the result of Sect. 5, this must 
occur for the stream as a whole as soon as it reaches a magnetic field where the 
radius of gyration of a particle with mass (m, m,)} would be less than the width of 
the stream. Allowing for the case of complete reflection of the applied field near 
the surface of the stream, the condition for diamagnetism is 


|| <|2H,| 
at all points inside the stream. 
The equations of motion are 
My, 4=<V,H+e8, M, V,= — “V,,H—eH (17) 
adding 


mV, + m2 V,= ~ (V,—V,).H. (18) 


c 


The current is ne (V,—V,) so that as the applied magnetic field is a gradient 
field the relevant MAXWELLs equation is 


Ci on : fe tune ¥, —%). (19) 





Kgs. (18) and (19) together give 
m,V, +m, t= (rH oF) H 


4an ot 
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n— (m,V, + mez Vo) + nm, V,.VV,+ nm, V,.VV, 


ot 
] I. @ 1 oH 
= A A saaee A a as a= 
iq OMe acne + ae* et ¢ 
Using MAxwELL’s eq. (2) and the equations of continuity 


- =V.n2Kh=Val, 
at : 


7) EE, 
i (nm, Vy + nm, V+ a) -L V (nm VV, + nm, V_Vs) 
—-—7H4+4H.VH-+EME. 
82 4z 4x 


Now 
A.V.H = VH?/2—H.VH 


and introducing the identical tensor J/ so that JT .C = C for any vector C, H.V, H 
= V.(H* [1/2 —H H) 


o; (mm, Vy + mm V_ +- 


Ex 

a) i 
HH+EE , H?4E (2 

+0. (nam VV + ming VaVa— GE + EE 1) =0.| 


Steady flow therefore requires the conservation of a momentum tensor 


ee 2 
V.(m my ViVi + Img Vy Vy — Gi) =0. 


Suppose that in this equation H is a known function. Then, together with 
V.n¥, = 0, V.nV,=90 


and an equation derived from (12) 
Vn (mV, + mz V2) = 0 


it forms a system of equations for V,, V, and m with regular integrals determined 
by the values of these functions on some two-dimensional surface through the 
stream. The difference between this system and one used earlier is that H does not 
here appear explicitly in the vorticity equations but only in eq. (21). If, therefore, 
the electromagnetic part of the tensor is negligible compared with the material 
part, the effect of the magnetic field is negligible. There are two special cases of 
interest : 

(a) m, =m, =m. The material tensor in (21) becomes nm (V, V, + V, V5). 
If (2H H — H* II)/8z is negligible compared with it, eq.(21) may be written 


V.nm (VV, + Va %) = 0. (24) 


The initial conditions on a plane at right-angles to V, are V, = V, = VY, n = ny 
which are also a solution of (22), (23) and (24) throughout space. The condition for 
this solution to hold is then for the electromagnetic tensor to be negligible compared 
with 2) mV, V, which may be written in a manner independent of the coordinate 


system chosen 


H? . 
a 2m Ay (25) 
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(b) m,>>m,. In this case n m, V, V, may be of higher order than the electro- 
magnetic tensor, although n m, V, V, is not. Eq. (21) becomes 


V.nm,V,V,=0. (26) 


An unique solution of this equation, (22) and (23), satisfying the initial conditions, 
is again 
The heavier particles will then continue with their initial momentum undisturbed 
by the magnetic field if 

H? r9 ‘ 

gq M0 Ve (27) 
The neglect of n m, V, Vz in (26) is justified because 

Ng My Vo << ny m, Ve 

since mm, << m,. This condition (27) does not imply that the lighter particles also 
maintain their initial momentum because (26) was only reached by neglecting 


nm, V,V, and terms of the same order. 
Because of the relation |H| < |2H,| the condition for the stream to flow 


through a region where ) is the highest value of the applied field is 


He ao 72 
(a) Te <Mm™ V3 Mm, = Mz 


Hi (28) 


Qn 


(b) <1 m,V> Mm, > Mz 

This result for steady motion of the stream can be compared with that found 
by CHAPMAN and FERRARO for when it first approaches a dipole field. The condition 
for the front surface to be brought to rest, in the form given by Martyn (1951) 


in the notation used here is 


Apart from an unimportant numerical factor, the difference between this and (28) 
is that it allows equality between the terms. This is possible because a rigid surface 
was considered with a density unchanged by any variation in its momentum. 
Otherwise, the agreement is good enough to shew that the stream will remain in 
regions which it first reaches for as long as it flows. 

It was seen in Sect.5 that when the stream is entering a space where the total 
magnetic field H is given it will reach a distance into this space depending on the 
initial energy of each of its particles. It now appears that if the same field in this 
space is taken to be the applied field Hy the distance reached depends on the initial 
density in the stream and can be made much greater than in the first case by increas- 
ing the initial particle density alone. This can only mean that the particles have to 
penetrate less flux to reach a given point when the magnetic field due to the stream 
is taken into account. 

The physical meaning of the relations (28) is that when they are fulfilled a current 
layer can be set up in the field H,, screening all the stream behind it, without the 
stream in the layer losing a significant amount of its original momentum. It makes 
no difference whether the loss of momentum is due to a transverse motion of the 
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heavy particles themselves in carrying the current or to their retardation in the 
electric field set up to keep lighter charges carrying the current moving with them. 
The only difference between steady and unsteady motion of the stream is a term 


be added to the gradient part of the electric field in the equations of motion 


of the particles. This represents an induced field which can apparently counteract 
the Lorentz field so that there is no nett electromagnetic force on the particles. 
The stream could then move undisturbed by the magnetic field, but only because 
it was penetrating no flux, the total field moving with the same speed as the stream. 


8. Motion in A DrpoLe FIELD 

Suppose now that the applied field is a dipole field, and let the particles have an 
initial energy which would bring the stream to a distance 10a from the dipole 
when the magnetic effect of the stream is neglected. Let the stream also have an 
initial energy density which allows it to reach a distance a from the dipole when its 
magnetic effect is included. Then the relation (28) shews that the stream flows 
all through the space round the dipole except in a region J, which is roughly a cylinder 
of radius, a, with its axis passing through the dipole along the direction V,, closed 
at one end by a hemisphere of radius, a, with its centre at the dipole. On account of 
the relation (16), this implies that, throughout a second region JI enclosed between 
a sphere of radius 10a with its centre at the dipole and the surface of J, the currents 
in the stream have set up a magnetic field opposite, and nearly equal in strength to, 
the applied field. It then follows that the current system must be confined to a layer 
of the stream on the surface of J. 

The current density is given by J = ne(V,—V,) and the equations of con- 
tinuity give V.J = 0. 

The current therefore flows in closed circuits, although a circuit could include a 
point at infinity. Ifa Cartesian coordinate system is now introduced with the dipole 
at the origin, the x-axis along V and the z-axis along the dipole the velocity field is 
symmetrical on each side of the xy-plane. The equations of motion can be written 
out in their components and are found to be unchanged by the reflection in this 
plane of both the velocity and position vectors at each point. The filaments of the 
current system are therefore a family of contours on the surface of J above the 
xy-plane, together with their mirror images below it. 

The projection of each contour on this plane has a dipole moment along the 
z-axis. For the magnetic field of the current system to be equivalent to that of a 
dipole at the origin throughout JJ the sum of these projections must to the first 
order be symmetrical about the z-axis. There is no loss in generality if the projection 
of each contour is assumed to have this symmetry. All the contours must in any 
case be closed on the surface of the cylindrical part of J on the positive side of the 
yz-plane within a distance a of this plane. 

A typical contour is a semi-circle of constant co-latitude 9 on the hemispherical 
part of J closed by a curve on the cylindrical part so that the area of its projection 
on the xy-plane is za? sin? 6. The angle 6 is measured from the z-axis. The pro- 
jection on the yz-plane also encloses an area a?(9 — sin 6 cos @). Other permissible 
ways of drawing y contour intersecting the xz-plane for the same value of 6 on the 
hemisphere give for the ratios of their projections on the xy- and yz-planes values 
equal, to the first order, to the one chosen here. 
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Suppose that the current is distrubted uniformly over the surface of J. Then the 
strengths of the total dipole moments along the z and z-axes for the currents round 
the family of contours in the zone between 6 = 0 and 6 = 6 are 


6 6 
1, (6) =afasin?6d6, lL. (0) = «af (6—sin 6 cos 6) dé. 
0 


0 
Their ratio o(@) = I,/l, is an increasing function of 6. A second function 
t(0) = 1, (6)/ ly (27/2) 
gives the ratio of the dipole moment for the current between 0 = 0 and 0 and that 
between 6 = 0 and 2/2. 

The current system below the xy-plane, being the reflection in this plane of the 
one above it, also gives dipoles L, and L,, the direction of L, being the same and 
of L, opposite above and below the plane. The dipole’s L, are separated by a vec- 
tor K along the z-axis with its length limited bya <k< 2a. They give rise to 


a quadrupole field 
3 (R.K) Lz re 3(R.Iz)K 15 (Lz. R)(K.R)R 


ene a ae R5 R 


The dipole’s L, give a field 





__ 6(Lz.R)R 
R 
which can cancel the applied dipole field throughout JJ so long as H, is negligible 
there. The fields are compared most easily in the zy-plane, where both have 
a z-component only, that for H, being 2/,/r? and for H, lying between + 31, a/r*. 


The condition for H, to be negligible is for it to be less than the dipole field at 
r = 10a, its value on the outer boundary of JJ. The greatest value of o for which it 
is satisfied for different values of r is 


r 2a 3a 4a 5a 
Omax 9°01 0-05 0-17 0-41. 


If H, is to be negligible throughout the part of JJ within a sphere of radius 3a, 
o must be less than 0-05 and 6 therefore less than 2/10. This means that the current, 
instead of being distributed uniformly over the hemisphere of J, must be confined 
to a zone within 18° of its pole. The value of r for this value of 6 is 1:33 x 10-2, 
so that a current density 75 times greater than for the uniform distribution of 
current is then needed. 

The density of the uniformly distributed current needed to give a dipole field 
of the same strength as the applied field can be estimated. If ho is the applied field 
at a distance 10a from the origin 

21, = (10a)? hy 
As V, has been chosen to allow the stream to approach to a distance 10a in the 
unmodified dipole field, according to the relation (16) the thickness of the current 
layer at a distance, a, will be 


Conservation of energy requires that either v? => vf or vj => v2 and since there can 
be no large scale convergence of stream lines outside the current layer where there 
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is no magnetic field, n ~ ny within the current layer. The stream reaches a distance, 
a, from the dipole so that according to the relation (28) 


108 hz 


2 
™~ M, Np Vo. 
4a re 


The magnitude of the current density, 7, is related to the dipole moment /, by 


hee : 
ba: da .(2 eo. 
. C2 a: 

These equations give for 7. 
. 2 /m 
_~ =, A 
mt? \ me 


1 
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This current arises when the particles enter and leave the layer and, since an electric 
field with a component everywhere tangential to a closed contour is impossible, 
unlike charges are deflected in opposite ways. Although two unlike charges entering 
at the same point may finally both move round the surface of J in the same direction, 
the velocity of one in this direction is at first retarded, while that of the other is 
accelerated. The greatest possible value for the current density, if m,> mg, is of 
order fiat 
max ™ ea é No V 

as N ~ N, and (m,/m,)* vy is the maximum speed for a charge. Comparing this with 
the expression for 7, a current density of 757 needed if the current is confined to the 
zone between 0° and 18° appears to be impossible. Therefore no current system 
giving a dipole field throughout JJ can be set up by the field on J. 

The cylindrical part of J, extending indefinitely along the z-axis on the down- 
stream side of the dipole, was only assumed because it could not be concluded from 
the relations (28) that the stream entered this region. If it is assumed instead that 
the stream flows fairly symmetrically about the yz-plane, the region J becomes a 
spheroid and there is no difficulty in closing the current circuits so that they give 
a dipole field throughout IJ, which is now the same as before except that the small 
tunnel of radius, a, has been taken away. 

The equations of motion are unchanged if the streamlines of the velocity fields 
are reflected in the yz-plane, the direction of V, remaining unchanged. In general, 
this means that the solution for the given initial conditions has been transformed 
into one for which they are the final conditions, that is, the unknown functions are 
given the same values on some surface x = 2, instead of -x = a. In special 
cases these two solutions may be the same and the motion in the dipole field con- 
sidered evidently approaches such a special case. A comparison with the two- 
dimensional flow in Sect.6, which is equivalent to that in the xy-plane of the un- 
perturbed dipole field, shews that modification of the applied field by the stream 
is necessary to bring about this symmetry. 


9. APPLICATION TO THE THEORY OF THE AURORA 


Apart from the initial conditions there are two assumptions made in the foregoing 
theory which might possibly not apply to a stream causing aurorae. They are those 
marked (b) and (c) in the summary in Sect. 1, and deal with the neglibility both 
of collisions and of differences in the densities of unlike charges. 
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Assuming that the heavy particles in the stream are protons a particle density 
of about 10/cc has been found enough to account for the first phase of a great ma- 
gnetic storm. The mean free path even for collisions between ions is then about 
1022 cm. Collisions between particles cannot therefore significantly affect the motion 
of the stream in regions of dimension less than 100 earth’s radii. 


The Lorentz force on a particle moving at 108 cm/sec at a distance of 10 earth’s 
radii from the earth is equivalent to a field of 10®°e.s.u/em. This would, for 
example, be set up on the edge of a spherical region of radius 10° cm containing 
10-3 free charges/cc, so that the differences in the densities of positive and negative 
charges needed to give the greatest electric fields likely to occur will be very small 
fractions of the particle density. For them to be wholly negligible dynamically 
also requires that the flow maintaining them is negligible. Before considering this 
point it is convenient to have a summary of some of the chief characteristic of 
aurorae to be explained. They are: 

(a) An auroral display may last continuously for several hours. 


(b) Aurorae appear throughout the night. 

(c) A sharp maximum in auroral frequency is found at about magnetic latitude 
70°, giving the auroral zones. 

(d) The most usual height for an aurora is about 100 km above the earth. The 
energy needed by electrons or protons to reach this level is estimated to be 104-105 ev. 


The duration of auroral displays, and their appearance on the dark side of the 
earth, are explained in a general way by the result of Sect.8, that the steady flow 
will in certain cases close in behind a dipole, leaving a roughly spheroidal hollow 
round it. Martyn [4] (1951) in his theory of aurorae, has suggested that this might 
happen. He assumed further that a toriodal stream of a kind studied by CHAPMAN and 
FERRARO was set up in the equatorial plane of the earth. In this stream, charges of 
both signs must move in the same sense round circular orbits in a radial electric 
field. The velocity field is ther singlevalued round each orbit so that SToKEs’ 
theorem may be applied to it. Taking a circle of radius a for a charge of each sign 


a a 
2av,a= f |ViV,|2ardr, 2x2v,a = f[|VV,| 2ardr. 
0 0 


The conservation of vorticity eq.(12) give 
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As for a true dipole field the integrals are finite this leads to 
My, U7} —- Mey Vo 


which is impossible, as v, and v, are in the same sense. The initial conditions do 
not therefore allow a circulation of this kind to be set up as part of the stream. It 
could only consist of particles scattered out of the stream by the few collisions 
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occurring in it near the earth. A high enough density to account for the equatorial 
ring current of the main phase of a magnetic storm, for which it was originally sug- 
gested, could probably be built up in this way in the several hours for which the 
stream flows. 

10. THE AURORAL ZONES 


The hardest feature to explain is the position of the auroral zones. To reach the 
earth in these latitudes, when the dipole field is unmodified, particles must pene- 
trate a certain amount of magnetic flux, equal to that lying outside a circle with 
a radius rather less than 10 earth’s radii in the equatorial plane. When a stream is 
flowing the dipole field is distorted by being compressed radially into a space round 
the earth made up of an empty hollow enclosed by a thin shell of stream, the current 
layer. The flux, through which particles must pass to reach the auroral zones, 
remains the same. Unless it is all contained in the current layer, particles from the 
stream will not be able to reach the earth in low enough latitudes. 


Considering the flow near the equatorial plane, let r, be the radius of the pro- 
jection of the auroral zones along the lines of force of the dipole field on to this 
plane. If f is the dipole moment of the earth, the flux outside this circle is 27 £/ry. 
Suppose that the mean radius of the intersection of the current layer with this 
plane is 7,. The field in the layer lies between 0 and 2h,, where h, = {/r} so that 
the flux through it is at the most 42 f 67, 17,/rj where dr, is its thickness, given 
by (16) 

— (My, My)? Vy 6 
ns a 


The condition that the flux 22 §/r,) shall pass through the current layer is therefore 


j ep 
Mm, Ms)? => ————_-.. 
(m; Ms) — 2rc%N 


Taking the most favourable case of r; = ry with vy = 108 cm/sec gives (m, mz.)* = 
1-5 x 10-22. Both positive and negative charges in the stream would therefore 
have to have masses as great as a calcium ion’s. 

If the particles are protons and electrons, most of the flux 22 £/ry will still be 
in the hollow which the stream does not enter. One way for the stream to bring 
particles to the auroral zones is then for it to send out a loop or offshoot inwards 
which can penetrate the remaining flux. The width of the loop would be the same 
as that of the current layer, about 7 x 10° cm at 10 earth’s radii, and so less than 
1/100 of its length. 

Another possibility is for a narrow fold to develop in the current layer, with its 
axis a long a meridian and its apex pointing towards the earth. The current in the 
fold would then make a small cavity in the compressed dipole field, the flux from 
within the fold being displaced tangentially. In this way, the apex of the fold 
could touch lines of force leading to the auroral zones and particles could travel to 
the earth along them without having had to penetrate the usual amount of flux. 
A very sharp apex is essential, so that aurorae at any time would be limited to a short 
are of the auroral zone. A fold of this kind would be most likely to occur at the point 
where the stream closes after flowing round each side of the earth. 
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11. ACCELERATION OF PARTICLES DOWN TO THE EARTH 

The possibility of accelerating charged particles to the earth is closely connected with 
the maintenance of a space charge in the stream. A small space charge set up when 
the stream is in a dipole field will give an electric field with a component along the 
magnetic field. The space charge might then be expected to disappear by the ac- 
celeration of a small number of charges along the lines of force between the stream 
and the poles of the dipole. It is always assumed in ALFVEN’s drift theory (1950) that 
this discharge can take place freely, otherwise, the effect of the inertia terms in 
setting up a space charge cannot be neglected. Cow1ine [5] (1945) however, has 
pointed out that a charged particle’s path to the poles is not so easy, because as it 
gyrates about a line of force the energy of its gyratory motion m u?/2 is connected 
with the strength of the magnetic field h by the relation 

mu 


h 


If there is an electric field along the line of force, given by a potential gy, and if uv 
and w are the velocities perpendicular and parallel to the magnetic field where its 
strength is h, the condition for the particle to reach a point where the field strength 
is h, and the potential ¢, is 


= const. 


“ue < h 
~ hy —h 


w? + = (y —9)). (29) 


The greatest possible potential at any point in the stream is from eq.(8), m, Vj/2e. 
A negative particle leaving the stream at a point where the magnetic field strength 
is h will have 

Me (us + we) = m, Ve 


so that the inequality (29) becomes 


h m 
uss —(1+ 2 


h, a Vo (30) 
If the stream is one of protons and electrons this inequality explains why the space 
charge is in general maintained and is only discharged in certain places to the auroral 
zones. The magnetic field strength h will vary across the current layer from zero 
at its outer boundaty to A, at its centre, the strength of the applied field at this 
point. Taking 10 earth’s radii as a typical value for the mean radius of the current 
layer, and the field strength at the surface of the earth for h,, gives h/h, = 10% 


so that 
uz<2¥v2 


and electrons will be able to reach the earth from the centre of the current layer if 
their energy in a plane at right angles to the magnetic field is limited in this way. 
Since m, > mz, the current layer, is about (m,/m,)* times thicker than if m, were also 
the mass of an electron, and this is made possible by an electric field accelerating 
the electrons inward into the stronger magnetic field. The potential distribution 
in the problem in Sect.6 is an analogous case. The kinetic energy of the electrons 
at the centre of the current layer is therefore likely to be considerably greater 
than their initial energy, and will accordingly prevent them from reaching theearth. 
Electrons with low kinetic energy would be expected to enter magnetic fields of the 
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order of h, only in special cases such as the loop or fold in the current layer suggested 
above. They could then be accelerated down lines of force, reaching the atmosphere 
with a maximum kinetic energy m, V;/2. If the initial speed of the stream is only 
108 cm/sec, this energy is about 5 x 10%ev, which is smaller than is needed for 
penetration of the atmosphere above 100 km. 

A similar relation to (30) for protons is 


ws ~V 
1 


so that, for them to reach the earth, their energy in the current layer must fall to 
1/1000 of its initial value. They would then give aurorae in much higher latitudes 
than the auroral zones. Also, where they had such a low kinetic energy, they would 
have a speed of about 1/1000 of that of the electrons, which might make it difficult 
to satisfy the equations of continuity. Alternatively, if the kinetic energy of the 
protons never falls below about m, Vy/4 this would still give an amount m, V,7/4 
to accelerate the electrons while the greatest value of the ratio of the speed of pro- 
tons and electrons in the stream would then be about 1/20. 

In certain cases hydrogen atoms do appear in aurorae with speeds up to 3300 
km/sec (MEINEL, 1951 [6]). If they arrive near the earth as protons in a stream such 
as the one considered, they must have had this velocity initially. The electric field 
in the stream cannot give them more energy than the initial kinetic energy of the 
negative charges. 
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ABSTRACT 
This paper describes an investigation of the variation in the total number of clectrons, m, in a vertical 
column of unit cross-section in the F, region of the ionosphere up to the level of maximum ionization 
with the solar zenith angle 7 at Slough and Singapore during selected days in every month of 1949: 
and at Singapore and Penang during a programme of simultaneous observations made at the two 
stations in July 1949. 

The seasonal and diurnal variations of maximum electron density differ from those in x, the latter 
showing a greater dependence on cos 7. Several anomalies are, however, still evident. 

Diurnal variations in the latitude gradient of nm near the magnetic equator are briefly discussed. 
It appears probable that, as the latitude is altered, the local noon value of n goes through a flat maximum 
in equatorial latitudes, whereas the noon value of maximum electron density goes through a sharp 


minimum near the magnetic equator, and exhibits the well-known “equatorial trough”. 


1. INTRODUCTION 
A quick method of analysing h’f records so as to obtain the value of n, the total 


number of electrons below the level of maximum electron density in a column of 
unit cross-section in the F, region, has recently been developed by Ratcuirre [1]. 
It is assumed, following APPLETON [2], that the electron distribution is parabolic. 
Using the technique of BooKER and SEATON [3], aset of h’f curves is then constructed 
on a transparent graticule whose dimensions correspond to those of the experi- 
mental h’f curves under investigation. By fitting an experimental curve to one of 
the calculated ones the layer thickness can be determined. and the total number 
of electrons in a unit column of the F, layer below the level of the maximum can 
then be calculated. Scales based on distributions other than the parabolic can also 
be constructed, and have been found useful in the analysis of records from low- 
latitude stations. 

Using this method RaTcuirFE [2] has analyzed data from Watheroo (Australia), 
Huancayo (Peru) and College (Alaska) and has found that n is closely related to 
the solar zenith angle 7. whereas it is well known that the maximum electron density 
of the F, region is not simply related to this angle. 

This paper describes the results of the application of this method to data obtained 
at Slough and Singapore during the year 1949. and to the results of a programme 
of simultaneous h’f observations made at Penang and Singapore during one week 
of July 1949. 

RATCLIFFE’S method of determining the electron content below the maximum 
gives additional information from the vertical incidence h’f observations, and this 
information, though not required for the determination of maximum usable fre- 
quencies for propagation by ionospheric reflection, is likely to be of great value in 
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the investigation of the modes of generation of the F, structure. The maximum 
density of ionization, which can be calculated from measurements of the ordinary 
ray critical penetration frequency, f,/,, is subject to large changes due to variations 
in the local layer structure. The assumption that /,F, is simply related to the total 
ionization may therefore be highly misleading. 


2. VARIATION OF n AT SLOUGH IN 1949 


Two days in each month of 1949 have been selected from those magnetically quiet 
days for which good records were available, and the value of n has been determined 
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Fig. 1. Diurnal variation of n at Slough for each month of 1949. 


at all hours for which the nature of the record permitted the application of Rat- 
CLIFFE’S analysis. In general, the records for certain hours cannot be used, as it is, 
for instance, obviously impossible to measure electron content by any simple method 
when spread echoes are returned from an inhomogeneous ionosphere. 

It was found possible to apply the parabolic ionization distribution law through- 
out the year to data from Slough. In this case, the virtual height h’ is related to the 
frequency f by the relation 

h’ = hm + y.¢ (f/fe) 
where 


elite) = 5 flog | FESS | 1, 
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jc is the critical frequency, y is the semi-thickness of the parabolic layer*, and hm 


is the height of maximum ionization. 
RATCLIFFE [1] has shown that, for this distribution, the number of electrons 
per cm? column below the level of maximum electron density is given by 


n = $B, fe 


where 
B= 1-24.10°8. 
Fig. 1 shows the diurnal variations of the mean value of n at Slough for every 
month of 1949. The experimental error in each hourly point on these curves is 
probably of the order of +30%, 
but may be greater in winter than 
in summer as it is not easy to deter- 
mine the semi-thickness accurately 
by graphical means when the layer 
is very thin. It can be seen in Fig. 1 
that the diurnal variation of n are 
generally regular (within the ex- 
perimental accuracy) and that in 
the winter months n follows cos z 
fairly closely. It is also evident 
that is lower in winter than at 
other times of the year. This 
seasonal variation is completely 
© e SELECTED DAYS different from the corresponding 
~--- MONTHLY MEDIAN variation of f/f), which shows 
pronounced maxima in the winter 
season. These seasonal changes of 
n and in (f)F,) with cos y at Slough 
are shown in Fig. 2. It may be 
observed that while the major mini- 
mum in » occurs in the winter. 
¢—* MEASURED VALUES NY the maxima occur at the equinoxes. 
a and not in the summer as would 
4 A $ 0 N © be expected if » varied as cos 7 
a throughout the year. 
Fig. 2. Seasonal es of cos 7%, (fy Ff)? and n at — necessary te enmentilien ‘thes 
Slough in 1949. : 
effect of the permanent field of the 
earth on the shape of the h’f curve. Measurements on the ordinary component on 
the Slough records often gave values of the apparent semi-thickness as much as 
50% greater than those obtained by measurements of the extraordinary component. 
It is therefore always necessary to measure the same component. As has been 
shown by SHinn and WHALE [5], the absolute thickness will also be in error, but 
this error should not vary greatly with time at any one station. 




















* y thus corresponds to RATCLIFFE’s 7’. The symbols ym and yp have been used for the APPLETON- 
Br¥NoN and BookeR-SEATON semi-thicknesses respectively, so that the symbol y is appropriate. In 
this paper 7 is used for the thick layer occurrence parameter. 
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3. VARIATIONS OF ” AT SINGAPORE IN 1949 
Singapore h’f records for the two selected days in each month have been measured, 
and the value of m at each hour obtained by RaTCLiIFFE’s method, the analysis 
being similar to that made for Slough (Section 2 above). However for Singapore 
it was frequently necessary to use the linear distribution of ionization with height, 
in which the virtual height h’ is related to the frequency f, independently of the 
critical frequency, by the relation 
h’ = 2f/a 

(where the dimensions of the parameter ‘“‘a”’ are Mc/s?/km) in addition to the par- 
abolic distribution. RATCLIFFE [1] has shown that for this linear distribution, the 
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Fig. 3. Diurnal variation of n at Singapore for each month of 1949. 


number of electrons per cm? column below the level of maximum electron density is 


given by 


n=3Bfctla 


where fc is the critical frequency, and B = 1-24. 10-8. 

It was observed during the analysis that when a change was made from one of 
these ionization distribution laws to the other, there was no noticeable discontinuity 
in the diurnal variation of n. 

The assumption of a linear ionization density distribution was often required 
at midday at the equinoxes, and after noon during the months from May to August. 
Under conditions where it is desired to use this relationship, it is generally impossible 
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to distinguish between the ordinary and the extraordinary components with a 

transmitter of limited power output, as a continuous trace may be seen up to what 

must be considered to be the extraordinary ray critical frequency. The value of 

},F, used to determine n has therefore been deduced by subtracting the known 

difference, under normal conditions, between the critical frequencies of the two 
components from the highest frequency 
at which echoes were returned. Any 
errors resulting from this procedure 
should give low values of n. 

The calculation of m has been made 
at every hour, on the selected days, for 
which the record was suitable. It was. 
however, seldom possible to determine 
n during the hours after sunset, owing 
partly to the formation of scatter, to the 
irregularities of the local power supply 
at these hours, and to the limitations 

14 of the low power recorder under condi- 
HOUAS LMT tions of strong interference near the 
T Coec + Jan) — TCsune + JuLy) critical frequency. 

The diurnal variation of n for each 
month of 1949 is shown in Fig. 3, in 
which it may be observed that n in- 
creases more rapidly after dawn in the 
December solstice than in the July 
solstice. In December a gradual de- 
crease in » after about 1000 L.M.T. is 
also evident, while in the July solstice 
the maximum is not reached until 
after noon. 

We have previously observed [6] that 
the F, region exists as a thick disturbed 
structure during the hours before noon 
Fig.4. Comparison of the diurnal variations of the in the December solstice. For con- 
differences in n and T between the two sostices Venience in treating thick layer occur- 

at Singapore 1949. rence quantitatively, an arbitrary para- 

meter 7’ has been established and used 

to obtain values of the thick layer occurrence as a percentage of the total usable 

observations. If the difference between the mean values of n at the two solstices 

is plotted for each hour of the day, and the same procedure is carried out for the 

thick layer parameter 7’, as in Fig. 4, the similarity between the two curves is 

evident, both n and 7’ being greater in the December solstice before noon, but with 
little difference between the solstices after noon. 

There is some evidence that the thick layer effects, with the characteristic 
ledge formation and low maximum electron density, are in part lunar phenomena; 
for example, analysis of Singapore f,F, values over a period of years shows that 
the lunar variation of /,/, with the age of the moon in the December solstice for the 
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three hours centred on 1000 L.M.T. is double that obtained for the three hours 
centred on noon [7]. It is also well known that the amplitude of the diurnal variation 
of the earth’s horizontal magnetic field in low latitudes is dependent on the phase 
of the moon. A recent discussion by Price and WILKINS [8] thus appears relevant. 
This analysis indicates that the maximum daily variation of H occurs between 
the magnetic and dipole equators in South 
America and Africa, but to the south of 
both these equators in the Far East; that the 
line of maximum variation in H swings 
seasonally in the opposite direction to the 
sun; and that Singapore should lie near this 
line. Large diurnal variations in H thus 
appear to be associated with a rapid in 
crease in n after dawn. 


The seasonal changes of n and of (f, F,)? 
with cos 7, as observed for the three hours 
centred on noon on the selected days, are 
shown in Fig. 5. In this figure, the smoothed pp = 
annua] variation of n is shown by the broken ta. aa 
line. The seasonal variations in 7 are not 
great, as would be expected since the seasonal 
variations in cos y are small, but different 
values of x are found at the two periods when 
cos ¥ == 1, being greater in March than in ala 
October. We see that the noon value of n “=== SMOOTHED CURVE | 
from November to March is about 2-0 x 10 S$ ON D 
electrons per cm? column compared with dea, eames ee ere 
the July to October level of 1-7 x 10' elec- = nh sak igseee te hg — 
trons per cm? column. Singapore thus be- 
haves as a southern hemisphere station, showing a difference in F, region behaviour 
between the two solstices, both in layer structure and in n, during the hours 


before noon. 
The mean annual value for n, for the three hours centred on noon, is 1-9 « 10 


electrons per cm? column. 








4. ANALYSIS OF THE SIMULTANEOUS OBSERVATIONS AT PENANG AND SINGAPORE 
IN JuLY 1949 


A programme of simultaneous h’f observations at Penang and Singapore was arranged 
for one week during the latter part of July 1949, during daylight hours, in order to 
obtain information on the latitude gradients of f,F,and of the height of maximum 
ionization. It was verified that the latitude gradient of /, F, indicated the presence 
of the equatorial “trough” in f,F, centred north of Penang, near the magnetic 
equator, and that the magnitude of this gradient was similar to that obtained between 
the same places by the Japanese in 1944. Some experimental observations of f, F, 
at noon in the Far East, at latitudes near the magnetic equator, are shown in Fig. 6. 
The data for January and April 1944 were obtained from information circulated in 
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a report |9] by the United States Army, with appropriate corrections for trans- 
ferring from the Japanese 135° E meridian local time to the nearest 15° time meridian 
for the various stations. The July 1949 measurements were made over a period 
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Fig. 6. The ‘Equatorial trough” in f, F,: Experimental observations in the far east. 











of six days, during which, as far as is known, conditions were normal. As a check, 

the mean diurnal variation of f,F, at Singapore for the test period was compared 

foF2 with that for the whole month, and 

Mele) was found to be very similar. The ob- 

servations at Penang were made manu- 

ally, while the automatic recorder was 
used at Singapore. 

The magnetic dip at Penang is 
| believed to be 8° S; and that at Singa- 
| pore 15°S, the geographic positions 
| being 5° 25’ N, 100° 20’ E, and 1° 19’N, 
| 103° 49’ E respectively. There is thus 
| 
| 
| 





2] 


Ht} 


a local mean time difference of 14 min. 
However the sun is north of Penang in 
July, so that sunrise at Penang is less 
than 14 min later than sunrise at Singa- 
Fig. 7. Monthly median diurnal variation of fy pure: Reference to the monthly median 
at Singapore in July 1949. f, F, curve for Singapore (Fig.7) shows 

that f, fF, began to increase after the 

dawn minimum at about 0515 L.M.T. (105° E) in July 1949. The Nautical 
Almanac [10] gives a value of about 12° below the horizon for the solar elevation 
at this local time. The same solar elevation at Penang would be obtained seven 
minutes earlier in terms of Penang L.M.T., or seven minutes later by L.M.T. 105° E. 
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Local noon at Penang would be 14min later than local noon at Singapore. These 
time differences are negligible where only hourly records are available, and it is 
clear that there is no evidence in terms of solar elevation to indicate that the dawn 
increase in ionization at Penang should take place before that at Singapore. 


The diurnal variations of n at the two stations are given in Fig. 8. It can be seen 
that the values of n at 0900 and 1000 L.M.T. were on every day much greater 
at Penang than at Singapore. This is 
<< 197-49 - 27-49 evident in Fig. 9 where the mean diurnal 
es variations of n at the two stations over 
Ye * the mid-day period are shown. It should 
be mentioned that the values compared 
are simultaneous, i.e. Singapore data 
were only taken at times when Penang 
data were also available. The electron 
content at Singapore increases towards 
noon, and after noon reaches a level 
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Fig. 8. Diurnal variations of n observed simul- Fig.9. Mean diurnal variation of n at Penang 


taneously at Penang and Singapore. and Singapore (Simultaneous observations, 18th 
to 23rd July 1949). 


nearly equal to that at Penang. The mean noon value of n at Penang is 1-9, and at 
Singapore 1-7, giving at noon a very small latitude gradient increasing towards the 
magnetic equator. This may be compared with the large gradient of maximum elec- 
tron density with latitude (Fig. 10), this latter gradient being in the opposite direction. 
The results thus indicate that f, F, reaches a minimum near the magnetic equator, 
with large gradients at low latitudes as the layer structure changes, but the small 
difference in electron content at noon between Penang and Singapore, however, 
implies the absence of any large equatorial anomaly in n and is consistent with a 
smooth variation of m with solar zenith angle over the earth’s surface, with a flat 
maximum near the magnetic and geographic equators. 

Thus in July we get a large latitude gradient in n in the morning, n increasing 
with decreasing magnetic dip; and a decrease in this gradient throughout the day 
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until in late afternoon the latitude gradient between Penang and Singapore is nearly 
zero. The latitude gradient in maximum electron density is, however, nearly 
constant during the day, and is in the opposite direction to the gradient in n. The 
variations in these gradients observed from 0900 L.M.T. to noon between Penang 
and Singapore are shown in Fig.10. Knowledge of the large values of n obtained at 
Singapore before noon in the December solstice (Fig. 3) and the contrast between 
the Singapore diurnal variations in /,F,, T and n at the two solstices, leads to the 

‘ suggestion that in December the swing 
LORY APORE of the latitude gradient in may be in 
the opposite direction, 7.e. n increases 
with increase of magnetic dip before 
noon, and decreases with increase of 
magnetic dip after noon, with an overall 
trend towards higher values of 1 near 
the magnetic equator. 
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Fig.10. Latitude Gradients between Penang and Fig. 1]. Variation of n with cos x during 1949. 
Singapore in July 1949. 


5. THe VARIATION OF ELECTRON CONTENT BELOW THE MAXIMUM WITH SOLAR 
ZENITH ANGLE OVER THE EARTH’S SURFACE AT LocaL Noon 


The results detailed in Sections 2 and 3 above enable us, following RaTc.iFreE [2], 
to investigate the relationship between nm and the solar zenith angle 7. At noon, 
the mean annual value of at Singapore was 1-9 x 10!* electrons per cm? column, 
and this corresponds to a mean cos y value of about 0-96. For Slough, taking 
December and January, we have n = 0-7 x 10! for cos y = 0-27; for the four 
equinoctial months » = 1-3 10'* for cos y = 0-68; and for the summer months 
June and July n= 0-95 x10" for cos y = 0-78. The relationship between n and 
cos y based on these results is shown in Fig.11, and it can be seen that, except 
for Slough summer, there is a linear relationship between n and cos y. The absolute 
value of n for a particular value of cos y, and the variation of n with cos y, is 
similar to that previously obtained by RatTcLiFFE [2] for Watheroo and Alaska at 
sunspot maximum. 
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6. CONCLUSIONS 


The results of this investigation support RATCLIFFE’S suggestions [2] that the 
geomagnetic anomaly in maximum electron density is to be explained in terms of 
some anomaly in the height distribution of electrons, and are consistent with the 
existence of a region of high conductivity near the magnetic equator. The decrease 
in n at the times of disappearance of the lunar ledges was apparent in Singapore in 
the December solstice during the sunspot maximum year of 1949, though at Huan- 
cayo [2] the corresponding change was only found at sunspot minimum. It appears 
that the diurnal changes in the F, region of the ionosphere in equatorial regions 
have not yet been fully observed, and are not sufficiently simple to be explained 
without a considerable increase in the ionospheric and magnetic data obtained at 
low latitudes. 

The results obtained for the summer solstice at Slough are at variance with the 
hypothesis, supported by the remainder of the data, that n is a single-valued func- 
tion of x, but it will be realized that a slight deformation of the comparatively 
thick F, region would result in a large change in n, and that at Slough the ratio 
of the numbers of electrons above the height of maximum ionization to those below 
may be greater in summer than in winter. 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (Es) and LERwIcK (Le) 


September to October 1952 


The figures given on pages 68 and 69 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 


September 1952 


Ab Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K=9: 1000 
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K-Indices 








5444 4435 
4454 5334 
3424 3324 
3233 3332 
3133 3544 
3333 2333 
1432 3356 
5544 4555 
4435 3544 
4333 3223 
3323 3334 
3433 4443 
1122 1112 
3434 4444 
3123 3333 
3123 3223 
3112 3112 
1112 1122 
1022 2213 
1011 3234 
5322 2122 
1321 ©2122 
1111 2211 
1132 3434 
1112 2345 
5532 3231 
1434 3432 
3334 4465 
5554 4355 
6434 2443 
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October 1952 


Ab Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K=9: 1000y 
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K-Indices K-Indices K-Indices 





3323 2233 3322 2223 3322 2223 
1222 4353 2112 4243 1222 3253 
3432 3466 3322 2465 3332 3567 
5654 4456 6543 3456 8553 3466 
3554 4563 4544 4463 5554 4473 
3334 4542 4334 4432 5433 3432 
0133 3434 0122 3324 1122 3334 
3322 4335 3322 3334 4321 3333 
3222 1234 3212 2234 4312 2233 
2222 1454 2112 2354 2111 1354 
3323 3455 3224 3444 3322 3345 
5332 3233 4332 2223 4332 2233 
3112 2223 3102 2213 3111 2212 
3332 2210 2331 2210 2331 1211 
1112 1331 1062 1230 1001 1231 
1222 3113 0212 3102 1111 3112 
3421 2432 3322 2332 4321 2432 
3342 2343 2332 2343 1332 2343 
3033 2211 2123 2101 2022 2111 
2221 2222 2121 2212 2111 2222 
0024 5553 0014 4453 1013 4553 
2212 1101 0212 1100 1111 1101 
Otll 2211 0001 1201 0011 1211 
lll 1111 1001 1101 1000 1111 
1113 3445 0103 2435 0012 2444 
4424 4444 5433 4444 7632 5544 
3323 1222 3223 2222 3322 2222 
3322 3432 3222 2321 3311 2321 
2221 3354 2122 3343 2112 2344 
4522 4455 4522 3455 6631 2556 
5454 4543 5444 4543 6543 5545 
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LanpDOLT-BornsTEIN; Zahlenwerte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und 
Technik. Volume 3. Astronomie und Geophysik. Editor in chief ARNoLD EuckEeNt. Volume Editors 
J. BARTELS and P. TEN BrRuGGENCATE. Springer-Verlag, Berlin - Gottingen - Heidelberg, 1952. XVIII, 
+ 795 pp., with 331 figures and 8 nomograms. £21 14s. 


A new edition of LANDOLT-BéRNSTEIN is a great scientific event, the importance of which will need 
no stressing to those familiar with earlier editions. These books of tables and fundamental relations 
form not only an up to date, authoritative, reference work, but also an almost indispensable guide to 
the main features and results of specialised branches of physics and chemistry. 

The issue of Volume 3, which contains the complete sections on Astronomy (pages 1-225) and 
Geophysics (pages 256-795) is particularly important. Despite the absence of a prototype for this 
volume in previous editions, it fully maintains the high standard one associates with the title and is 
likely to become a standard reference work for all geophysicists. 

Very skillful selection of the most useful and significant information has produced a book which 
is both a most valuable tool for research and a constant provocation to investigate the relations between 
results from the different fields included. The subsections are written by acknowledged authorities 
who have summarised an immense amount of information and expressed it in a form which is readily 
digested by the non-specialist. The editing by Professors J. BARTELS and P. TEN BRUGGENCATE is so 
efficient that the book has become an entity with a clearly defined style and logical sequence. It is, 
consequently, remarkably easy to trace any particular item. 

Each subsection contains a simple and clear introductory exposition of the material, with suffi- 
cient detail both to provide useful guidance to specialists in other fields, and, to indicate the proper 
significance of the data. Even those who do not read German easily will find most of these introductions 
comparatively easy to understand and the accompanying tables to be self-explanatory. These de- 
scriptive sections are copiously illustrated with figures designed to emphasise the main factors, equations 
and results. 

The main part of each subsection presents the fundamental data and functions in tabular or graphical 
form, with references to the original sources and general references to standard books or articles. Both 
sections contain valuable lists of periodicals and publications. The geophysical list, which includes in 
most cases the dates of issue, editors and publishers, is particularly useful. 

Where data or interpretations are controversial, representative conclusions from several authorities 
are presented in detail. The resulting tables, which repay careful comparison, are invaluable to the 
non-specialist. 

It is impossible in a short review, to delineate the range of information available in the volume, or 
to comment fully on the main subsections. The selection of certain portions for detailed comment 
would inevitably reveal the main interests of the reviewer rather than the relative merits of the sections. 


The section on Astronomy is divided into ten parts, ranging from the descriptions and lists of the 
sites of the main astronomical instruments, to summaries of the extragalactic nebula. This section, 
which has been specially written with a uniform nomenclature, not only contains an excellent selection 
of astronomical data together with nomograms and rules for facilitating astronomical calculations, but 
may almost be read as a text book on astronomy. As would be expected, full space is given to current 
developments, such as the results of radio astronomy. The sections on meteors, the sun and its radia- 
tions, and atmospheric phenomena will be invaluable to geophysicists. The chapters on stars, star 
types, nebula and the galaxies give the maximum information without over-specialisation. 

The section on Geophysics includes a useful summary of the geodesic and planetary constants. 
Gravity anomalies, thermal, electrical and magnetic properties of the Earth are treated in detail with 
special attention to the characteristics and sources of radio-active substances. The masterly summary 
of magnetic variations including the latest detailed data and the contributions on the parameters of 
geophysical oscillations will probably prove to be outstanding. 

The properties of the oceans and seas form a large and important section which again is a model 
of clear exposition and selection. The chapter on meteorology is very complete and gives information 
on a wide range of topics, from climatic analyses to the basic models of the upper atmosphere and 
ionosphere. The chapter on upper atmospheric physics, though comparatively short, provides an ex- 
cellent summary of ionospheric phenomena and magnetic variations. 
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A work of this type can only be fully appreciated after a long period of continuous use. During 
recent weeks, the volume has been used as a reference book, mainly selecting atmospheric, solar and 
upper atmospheric topics. It proved to be accurate, convenient and notably time saving, much of the 
data presented having never before been collected in one volume. 

The descriptive notes could profitably have been expanded slightly in some places. For example, 
in the section on the meteorology of the upper atmosphere, the large apparent discrepanciees between 
temperatures deduced from spectral and radio measurements might be qualified by the comment that 
the radio techniques are likely to give too high values owing to the effects of the earth’s magnetic field 
and other reasons. However it is generally obvious to the reader when further examination of the data 
or references will be necessary. 

When the book is reprinted it might be worthwhile also to eliminate the few occasions where some 
comparable tables in a subsection are printed in decimal notation and others in the more usual powers 
of ten form. There is an error in Table 23 on page 581 in which the densities in the high atmosphere 
are all quoted 100 times too large. As mentioned above, however, such errors are remarkably few. 

In use, this book rapidly becomes indispensible and should be available in any library catering 
for meteorologists, geophysicists or astronomers. Those who frequently need to refer to data in several 
geophysical or astronomical fields can confidently be recommended to obtain a personal copy, despite 
the price. They will receive excellent value for their money. No book written in English contains such 
a useful and complete collection of information. W.R. Piccotr 


LEPRINCE-Rincvu_ET, L.; Cosmie Rays. Prentice Hall, New York. Constable, London. 1950. 30s. net. 


An English translation of this book by one of the leaders of the French school of Cosmic Ray Physics 
is welcome as giving an introduction to a complex subject, which can be used with pleasure by a worker 
in this field as well as by a serious student wishing to familiarise himself with the modern aspects of 
Cosmic Ray Research. It is not a textbook; it contains perhaps too much human interest in it for that, 
and the author is content, for example, to quote formulae without detailed explanation. There are also 
no references, so that the student must turn to more formal works to extend his knowledge. But at the 
same time there is no attempt to simplify or write down to a lower intellectual level. Where there are 
difficulties, and there are many, these are squarely stated. The emphasis is on experiment, and one 
of the attractive features of the book is that the reader is given some idea of the kind of life which 
a research worker in cosmic rays may lead. 

The book is well illustrated, and contains a fine series of reproductions of W1Lson chamber and 
photographic emulsion tracks, which are more valuable than pages of letterpress in describing the 
interactions of the family of particles contributing to the cosmic ray beam. 

The translation is not altogether happy. Too many words used in a technical sense are given unusual 
English equivalents. While this rarely leads to downright misunderstanding, the reader is constantly 
startled by unfamiliar expressions, such as ‘‘hooks’”’ for the commonly accepted ‘‘V particles.” 

E. G. Dymonp 


Edited by Witson, J. G.; Progress in Cosmie Ray Physics. Pp. XVI + 557. North Holland Publishing 
Co., Amsterdam 1952. £4-6s. net. 


It is symptomatic of the growth of physics that the habit of publishing volumes of progress reports 
in various branches has spread to the devotion of a large book to some aspects only of a single branch. 
The cosmic ray field is broad and extends from the fundamental study of elementary particles to that 
of geophysics and cosmology. This is illustrated in the volume under review, which contains eight 
articles from workers from four countries. The time lag in publication is unusually short, as the work 
presents the state of knowledge up to May 1951. The editor and publishers are to be congratulated in 
bringing out such a mass of material in six months. 

The first four chapters are concerned with the particles constituting cosmic rays and the remainder 
deal with their relations with the environment. In the first chapter U. CamEerini, W.O. Lock, and 
D. H. PERKINS give an analysis of energetic nuclear encounters, as observed in nuclear photographic 
emulsions. C.C. BuTLER contributes an article on the recently discovered heavy unstable particles. 
He deals chiefly with neutral V particles, of which our knowledge is at present more extensive than that 
of charged V and other bodies. L. MIcHEL, in a theoretical chapter, discusses the coupling properties 
of nucleons, mesons, and electrons and neutrinos. This part is very condensed and will not bei easily 
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intelligible to those unfamiliar with the formalism used to deal with nuclear forces. B. PETERS g ves an 
account of the heavier nuclei found in the primary beam. The most recent work confirms the earlier 
view that the relative numbers of these nuclei in the beam is closely related to their abundance in the 
universe. Their study is of particular importance in relation to the problem of the origin of cosmic rays. 
H.V.NEHER discusses the geomagnetic aspect and describes in detail his most recent work on the latit- 
ude effect. Although the complex phenomena observed can on the whole ke satisfactorily explained, 
the still controversial solar magnetic field introduces an uncertain element into the discussion. 

The equilibrium of the cosmic ray beam in the atmosphere is dealt with by G. Pupri and N. Datia- 
PORTA. This is the most involved branch of cosmic ray research, as it embraces the nuclear collisions 
in the high atmosphere, the production of secondary unstable particles (”% mesons) and the tertiary 
products, jz mesons and electron-photon cascades. The author shows that it is possible to give a quanti- 
tative picture of the transformations of the primary beam into that observed on the ground. By contrast, 
the situation underground is simple. E.P.GEoRGE shows that ~ mesons, penetrating down to 30C0m 
of water, are sufficient to account quantitatively for all observations. The final article by H. ELu1oT 
on time variations of intensity is of special geophysical interest. These variations involve meteorological 
and terrestrial magnetic factors. The latter are still little understood and an explanation awaits a fuller 
understanding of variations of terrestrial magnetic intensity. 

It is inevitable with a diverse group of authors that all articles are not of equal value. But a com- 
prehensive subject index for this whole work makes reference to specific points easy. Each article is 
accompanied by its own bibliography, in addition to a general author index which is bibliographical. 

E. G. Dymonp 
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Moving clouds of ionisation in region FE of the ionosphere 
J. W. FINDLAY 


The Cavendish Laboratory, Cambridge 


(Received 20 May 1952) 


ABSTRACT 

The paper describes determinations of the velocities of movement of clouds of ionisation in the lower 
part of region E of the ionosphere. Observations were made during a period of three years with a pulsed 
transmitter and a receiver operating on a frequency of 2-4 Mc/sec, and in the course of these observations 
110 echoes were seen from the lower part of the # layer. These echoes lasted for periods from one minute 
to about twenty minutes, and they are interpreted as coming from discrete clouds of ionisation. The 
manner in which the phase paths of these echoes changed with time suggests that the clouds were moving 
with velocities between 20 ms/sec and 150 ms/sec. The durations of the echoes are shown to be inversely 
proportional to the velocities of the clouds and from this it is deduced that an average cloud was a few 


hundred metres in size in the horizontal plane. 


1. INTRODUCTION 


Several workers (Mitra [1], KRAUTKRAMER [2], SALZBERG and GREENSTONE [3], 
PHILLIPS [4]) have studied the movements of irregularities in the ionisation of 
region E of the ionosphere by observing the fading of radio echoes obtained using 
a pulse transmitter and three or more separated receiving points on the ground. 
This method has proved very satisfactory for measuring the magnitude and direction 
of movement over the ground of the diffraction pattern produced by the reflection 
of the radio waves at the irregular ionosphere, but it has proved difficult in these 
experiments to determine the height in the ionosphere of the irregularities which 
produced the diffraction pattern. The experiments of MANNING, VILLARD and 
PETERSON [5] measured satisfactorily the horizontal velocities of meteor trails but 
have not given a good value of the height in the atmosphere at which the velocity 
was measured. The purpose of the present paper is to describe some more direct 
observations of the velocities of moving clouds of ionisation which sometimes appear 
below that level in the # layer at which waves of a frequency of 2-4 Mc/sec are 
reflected. These observations were made in the course of experiments which have 
already been described (FINDLAY [6]) on the phase path of radio waves returned 
from region #. Section 2 describes the method by which the observations were 
made, and in it reasons are given for interpreting the observations as echoes from 
clouds of ionisation moving horizontally in the lower part of the E layer. Section 3 
is a study of 110 of these clouds which were observed during three years recording 
of the phase of echoes from the F layer. 

It would perhaps be as well to note that although continued reference is made 
to the movement of clouds of ionisation, there is no direct evidence that the observed 
movements imply a transport of ionised gas, rather than a movement of an irregular- 
ity in the ionisation density without actual transport of ionised particles. 


€ 
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2. THE OBSERVATIONS AND THEIR INTERPRETATION 


me 


The observations were made during the study (FrypLay [6]) of the phase of echoes 
of radio waves of 2-4 Mc/sec frequency returned during daylight from the EF layer. 
In the course of these experiments it was sometimes noticed that echoes were returned 
from equivalent heights rather less than the equivalent height of the H layer. The 
difference of equivalent height was usually only a few kms so that, with the pulse- 
width and band-width used in the experiment (200 usec and + 10 ke/sec respectively) 
these echoes were often not separated from the echoes from the E layer on its lower 
edge. The record of the phase of the echo showed, however, that the variation of 
the phase of this lower echo was quite distinct from the variation of the phase of the 
main echo from the # layer. An example of such a record is shown in Fig. 1, in 
which changes of the phase of the echo are shown as lines which slope either up or 
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Fig. 1. A cloud of ionisation observed below the F layer on 5th August, 1948. 





down from left to right according as the phase of the echo is increasing or decreasing 
with time. Every line to appear or disappear on such a record indicates a phase 
change of 22 in the radio-frequency of the echo, or a change of one wavelength of 
the transmitted frequency in the length of the path from the transmitter to the 
point of reflection and back to the receiver. In Fig. 1 the phase path of the main 
echo from the FE layer at 1755 G.M.T. was increasing slowly. At 1755 an echo 
appeared below the main echo and the phase path of this new echo decreased rapidly 
with time. The rate of this decrease became slower, until just after 1800 the phase 
path of the new echo became constant. Thereafter, until the new echo was lost by 
becoming confused with other echoes from the E laver at 1803, the phase path of 
the echo increased more and more rapidly. 

During the course of more than 2000 hrs of observations made during daytime 
of echoes reflected from the E layer, 110 echoes similar to that shown in Fig.1 were 
recurded. All the echoes had the following characteristics: 

(a) The changes of phase of the echoes were quite distinct and different from 
the changes of phase of the echoes from the £ layer. 

(b) When the echo appeared its phase path was found to be decreasing with time. 
The rate of change of phase path became zero and subsequently the phase path 
increased. 

(c) The rates of change of phase path taken at equal times before and after the 
time of zero rate of change of phase path were always approximately equal in magni- 


tude. 
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These echoes have been interpreted as coming from clouds of ionisation which 
were moving with a constant velocity. The evidence which supports this inter- 
pretation is derived from the way in which the phase of the echoes changed with 
time. In Fig. 2 let O be the position of the transmitter and receiver on the same site, 
and suppose a cloud C moves along the line CT’ with a uniform velocity V. OT is 
the shortest distance from O to the track of the cloud. At the time t, which is meas- 
ured from the instant when the cloud passes 7’, the length of the path from O to C 
and back is P. The minimum value of P is called P,. Then we have: 


P? = P? + 47222, (1) 


Since the experiments only measure changes of the phase path P, we can write 
P =P, + AP in (1) where AP is the difference of path between the point on the 
track which is nearest to O and the 6 
point under observation. Eq. (1) has 
then becomes: 
2PjAP + (4P)?=4V?0?. (2) 
VC 7 
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Fig. 2. Diagram to illustrate the changes Fig. 3. Plot of AP against ¢? for the cloud of 
of phase path to a moving cloud. August 5th, 1948. 


In applying this relation to the experiments, it should be noted that 4 P was never 
greater than 8 km and usually was only 2 or 3km while P, was about 200 km. 
Kq. (2) can therefore be simplified to the approximate expression: 
2¥tt 
AP = P, (3) 
which can be compared with the results of the observations. 

Fig. 3 is a plot of AP as a function of ¢? for the cloud shown in Fig. 1. It will be 
seen that the graph is a straight line, and this fact is good evidence that the echo 
came from a source which was moving along a straight track with constant velocity. 
This track need not have been horizontal, nor need it have passed directly over the 
sending and receiving site. The velocity of the cloud was derived from the slope 
of the graph, using P, the equivalent path of the echo measured at the time when 
the rate of change of path was zero. 

Graphs similar to Fig. 3 have been plotted for all the 110 echoes which have 
been observed, and the velocities of the clouds have been derived from the slopes 
of these graphs. In calculating these velocities any differences which might have 
existed between phase paths, equivalent paths and actual paths have been neglected. 
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Such differences would only be serious if the radio waves had travelled for an ap- 
preciable time through a region where the refractive index was considerably less 
than unity. Since all the clouds were observed in the lower part of the E layer 
where the electron density is believed to be low, it is unlikely that the neglect of 
these differences would introduce errors in the velocities which were larger than 
those due to the difficulties of reading the records accurately. 

It is clear that the measurements give no information about the direction of 
movement of the clouds nor can they decide whether the tracks of the clouds were 
horizontal. On two occasions, however, the echoes returned from the clouds were 
so strong that the second reflection gave an observable phase trace. On both these 
occasions it was clear that the rate of change of phase path for the first and the 
second reflections were identical. This observation can only be interpreted on the 
assumption that the clouds were moving in a direction parallel to the earth’s surface, 
for the following reasons. The first reflection was produced by a signal which had 
travelled from O to C and back to O (Fig. 2). The second reflection was due to a signal 
from O to C which then travelled to a point on the earth vertically below C, was 
reflected back to C and finally again scattered to O. If the cloud moved parallel to 
the ground, the length of the path to the ground from C and back would not alter, 
so that the changes of path for the first and second reflections would be identical. If, 
however, the path of the cloud were not parallel to the ground, the changes of path 
of the first and second reflections could not be the same. The observations thus 
suggest that the motions of these two clouds were in a horizontal direction. 


3. THE VELOCITIES, DURATIONS, AND HEIGHTS OF THE CLOUDS 

In addition to the velocities, the durations of the echoes and their minimum equi- 
valent paths were recorded. These observations are shown in the form of histo- 
grams in Figs. 4-6. It will be 
seen that the range of veloc- 
ities which have been ob- 
served agrees well with the 
results of the other workers 
already quoted [1], [2], [3], 
[4] and [5]. The lowest velocity 
observed was 22 ms/sec and the 
highest was 147 ms/sec. It can 
be seen from Fig. 5 that the 
most probable duration of an 
echo was about 4 or 5 min. 
Evidence is given later in this 
paragraph that these durations 
represent the times during 
Fig. 4. The velocities of the moving clouds. which the clouds can scatter 
energy back to the receiver, 

and are not measures of the lifetimes of the clouds themselves. Fig. 6 shows that 
most of the clouds which were observed were between 95 km and 110 km from the 
observing point. Since, as will be shown, the clouds only return energy to the re- 
ceiver when they lie within an angle of a few degrees from the vertical, it is possible 
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to regard Fig. 6 as a plot of the distribution of the clouds in height. Thus the results 
can be interpreted to show that there is a considerable range of velocities of hori- 
zontal movement in quite a restricted range of vertical height in the atmosphere. 
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Fig. 5. The duration of the echoes from the Fig. 6. The heights of the clouds. 
clouds. 





A closer examination of the heights and velocities of the individual clouds shows, 
however, that there is no correlation between the height of a cloud and its velocity. 
This result is not surprising in view of the fact that the observations have been 
made at random times of day through- , 
out three years while the results of 
other workers (3 and 4) show large daily 
and seasonal changes in the velocities 
observed at the level of region ZL. 

A study of the relationship between 
the velocities of the clouds and the 
duration of the echoes from them was 
made by grouping all the observations 
into conveniently sized groups, and 
then finding the averages of the veloc- w 
ities and durations for each group. 
The result of this study is shown in 
Fig.7 as a plot of velocity against the 
reciprocal of the duration. It will be 
seen that Fig. 7 is quite a good ry 
straight line, showing that the product ae 
of the velocity and the duration of the aw 7” 

; Fig. 7. The relation between the velocities and 
echoes is a constant. The value of duration of the echoes from the clouds. 
this constant is about 20 km. 

The simplest interpretation of this result is that an average cloud is only visible 
at the observing point over a 20 km length of its track. This suggests either that 
the cloud itself can only return energy to the observing point over this length of its 
track or that the transmitter and receiver together can only detect clouds over this 
length of their tracks. If we assume that the average cloud is 100 km from the 
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observing point either explanation means that the clouds must lie within a certain 
cone of directions from the observing point if they are to be observed, and that the 
semi-angle of this cone is about 6°. 

This restriction cannot be caused by the polar diagrams of the transmitting and 
receiving aerials, for these are both dipoles with their combined “half-power’”’ 
direction about 25° from the vertical. It seems reasonable, therefore, to ascribe 
to the polar diagram of the cloud itself the limited range of angles over which a cloud 
can be detected and so to deduce that the average cloud of ionisation ceases to 
scatter appreciable energy back to the observing point when the cloud lies outside 
this cone of semi-angle of 6°. 

Without more information of the shape of the clouds of ionisation it is not possible 
to be precise about their average dimensions. Since the polar diagram of the average 
cloud is about 6° in half-width for a wavelength of 125 ms it suggests that the average 
linear dimensions of the clouds in the horizontal plane are of the order of 700 ms. 
Although these results are only approximate, it is interesting that the semi-angle of 
the cone observed in these experiments is about the same as that observed by Briaes 
and Puituips [7] in experiments on the effective cone-angle of radiation scattered 
from the E layer. It would not be unreasonable to suppose that the present experi- 
ments were observing a structure similar to that often existing in the F layer. 
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ABSTRACT 
A method is developed for obtaining the heights at which ionospheric winds, as measured at long radio 


wavelengths, occur. This involves augmenting the usual winds measurements with recordings of the 


changes in phase path. 
The necessary theory for diffraction by a phase-amplitude screen is developed. Several numerical 


examples are presented for sinusoidal phase-amplitude screens. Finally, seventy days of data are an- 
alyzed. It is shown that the daytime winds, measured at 150 kc/sec, probably occur around the 75 km 
height level and the night-time winds probably occur in the 83 to 100 km range. 


INTRODUCTION 


Two types of low frequency (150 kc/sec) equipment operated by the Ionosphere 
Research Laboratory are the delta phase height equipment and the ionosphere 
winds equipment [1]. The former is a system which measures the time variation 
in phase of the r.f. within the 150 ke/sec echo pulse envelope, similar in some res- 
pects to that described by Finpiay [2]. The latter consists of a set of three spaced 
receiver systems which record the amplitude of the pulses received at the three 
different locations after reflection from the ionosphere as a function of time [3]. 
All of the signals originate at the same transmitter. 

It is possible by using the results obtained from the spaced receivers to show 
the existence of travelling disturbances or winds in the ionosphere. It is not possible, 
however, to determine the height at which these winds occur, other than the fact 
that they must occur at or below the reflection level for 150 ke/see pulses. 

It becomes important, then, to augment the results obtained from the winds 
equipment in order to determine the wind heights and other information regarding 
the winds region. The phase height equipment is capable of giving us this additional 
information. While the amplitude of the signal as it leaves the winds region is 
determined by the absorption index, the phase of the signal is determined by the 
real part of the index of refraction. The amplitude and phase of the signal are 
further altered as the wave travels from the winds region to the ground; but under 
proper conditions we may sometimes obtain information regarding the field con- 
figuration as it leaves the ionized region. 

In order to study the structure and location of the winds region, we shall consider 
it to be composed of a “‘screen”’ capable of altering the phase and amplitude of a 
radio wave passing through it. 


THE MATHEMATICAL PROBLEM 


Let us consider for a moment the properties of a screen of the type which we might 
expect in the lower ionosphere; 7.e., a screen which would be capable, by virtue 
of its location and its dielectric properties, of affecting our 150 ke/sec radio waves. 





* The research reported in this paper has been supported by the Geophysics Research Division 
of the Air Force Cambridge Research Center under Contract AF 19 (122)-44. 
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For simplicity, we shall first consider the transmission properties of an infinite 
one-dimensional screen with an incident plane wave polarized in a plane parallel 
to that of the screen. First, we shall specify a coarse screen having no structure 
on the order of the wavelength of our radio waves (A = 2 km) or smaller, since such 
structure would not be detectable at the ground. We shall further assume that the 
dielectric properties of the screen are such that the W.K.B. approximate solutions 


eg 
































Fig. la. Angular spectrum for phase screen. 


to the uncoupled wave equation are valid. These solutions may be written [4], [5] 


Ey» = Ansa exp (+5 Ky fn (2) dz) (1) 


where n = (uw —j x) is the complex index of refraction; z is the height coordinate ; 
A, , and K, are constant coefficients. The conditions for validity of these functions 
as solutions of the uncoupled wave equation are that 


oy n’ |\2 | 2” 
[Xpn*|<i— end =i. (2) 
17 n 


Considering now a screen whose real and imaginary parts of the complex index 
of refraction (uw and y) vary in the horizontal, X-direction, —neglecting fine structure 
of the order of a wave length or smaller—we find that the phase shift introduced by 
a screen, which ranges between the height levels z = a and z = J, varies across 
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the face of the screen as j 
D (x, b) —P (x, a) = Ky J (1 —(z,2)] dz (3) 
relative to the free-space phase change K,(a — 6) and the change in amplitude is 
given by rer b 
a = exp Mie x(a, 2) da}. 
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Fig. 1b. Angular spectrum for phase and amplitude screen. 


























These relations may also be written in terms of the observed changes below the 
screen, 


b 
A®(x) = Ky f [1—u (2, z) dz] (5) 


pe a ee (6) 

If the screen is considered homogeneous in the z-direction between the boundaries 
a and 6, or if we allow u and x to take on mean values between a and b, we have 
A®(x) = K,(b—a) [1 —p(2)] (7) 

A log A(x) = —Ko(b—a) x (zx). (8) 

These expressions give us the properties of the wave as it emerges from the screen 


relative to properties it would have if the screen were not there. 
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We must next consider the behaviour of the wave as it travels away from the 
screen in the z-direction. It is extremely difficult to derive the behaviour of such 
a wave for a perfectly general screen. For this reason, we shall consider certain 
special screens; the extension to a more general model is merely a problem of 
superposition. 

We shall study first the sinusoidal screen. Hrwisu [6] has studied this problem 
in some detail for the case of a phase screen. This is not permissible in our case, for 
if we attempt to introduce electronic ‘‘clouds”’ to modify the phase of our 150 ke/sec 
waves, we are obliged also to consider dissipative absorption of the waves because 
of the relatively high electron collisional frequency in the lower ionosphere. 

In the case of the sinusoidal phase and amplitude screen, we may write for the 
wave as it emerges from the screen. 


£,=E, (1+ Ksin2ak2x)sin (wt + APsin 227k z) (9) 


i.€., a wave which is amplitude and phase modulated in space. The symbol 4® now 
denotes the amplitude of oscillation of the phase modulation function 4®(z), 
E, is a constant, K represents the degree of amplitude modulation, and k is the 
‘space constant”’ of the screen. The constants may be written in terms of the 
integrated properties of the screen as 


b 
A® = Mo [ [1 (a) —(22)] dz (10) 


bil f fc \ 
Gar ie [4 (21) — x(%2)] dzy (11) 
where x, and 2, represent the “thickest’’ and the “‘thinnest”’ portions of the screen ; 
respectively, and the factor 1/2 arises because 4® represents the amplitude of the 
sinusoidal phase modulation. 

It may be shown [7], [8] that eq. (9) may be expanded in a Bessel series analogous 
to the expansion of phase modulation. In the case of combined amplitude and phase 
modulation, this expansion is 


oo 


E,=E, > J,(A®)sin (wt + 22knx)—* J,(A®) cos [wt + (n+ 1) 2aka] + 
be (12) 


io) 


+ * J,(4®) cos [ot + (n—1)2aka]| 


Further, it may be shown that the various terms of this expansion represent 
projections on the horizontal, z-y, plane of plane waves propagated in a direction 
§,,, to the normal where 


6,, = sin-!(m k a). (13) 


These plane waves have amplitudes such that their projections in the x-y plane 
have the values given by the various Bessel coefficients. We may next replace 
the screen and a plane wave incident along the normal to the screen by the system 
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of plane waves given by eq. (12) and calculate the field at any distance from the 
screen by introducing the appropriate differences in phase path traversed by the 
waves traveling in the various directions 9,,. 

In this connection, it is interesting to compare the ‘angular spectra” of the 
phase screen and the phase-amplitude screen. These are shown in Fig.1 for various 
values of phase “‘thickness’”’ 4@ and various values of k which determines the hori- 
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zontal spatial coarseness of the screen. The value of K is 0-6 in all cases correspond- 
ing to 60% amplitude modulation. 

It may be seen that, for sufficiently small & (coarse screens) and/or sufficiently 
small A®, the angular dispersion of the screen is quite small. This means that the 
field at a point not too distant from the screen is essentially determined by the por- 
tion of the screen directly opposite. This is further verified by the Fig. 2 which 
shows the field amplitude in a plane 50 4 distant from the screen. These may be 
compared with the Fig. 3, of Hewisu [6], for the phase screen. One may note that, 
for k small and/or A@ small, the pattern at the ionosphere is reproduced quite faith- 
fully at the ground. This is especially true of the phase pattern which is preserved 
even when the amplitude pattern is completely distorted. In calculating the field 
at the ground, it is necessary to consider an additional propagational phase change 
on each plane wave traveling in the direction 6,,. The effect of these conditions 
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is that the pattern at the ground will be similar to that at the ionosphere for: 
(1) a coarse screen, (2) a thin screen which produces only small variations in amplitude 
and phase, and (3) a screen which is close to the plane of observation. 
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Fig. 3. Amplitude and phase patterns for a phase screen. 


THE IONOSPHERE PROBLEM 


First, let us consider the effect of electron clouds whose dimensions are large com- 
pared with the wave lengths of the radio wave which is transmitted through the 
screen. The field at the screen is given by eqs. (9), (10), and (11), where uw and y are 
the real and imaginary parts of the complex index of refraction and have been 
calculated by Ketso [9], for the conditions of interest, after the procedure given 
by Batrey [10]. These expressions will give the field distribution immediately 
below the screen if we known the electron distribution horizontally and vertically. 
We may then analyze the phase and amplitude, obtain our spatial sidebands, and 
calculate the field at the ground. It is the inverse of this problem, however, which 
we must consider; 7.e., given the field at the ground, we are required to determine 
the structure of the screen. We must make simplifying assumptions if we are to 
attack this problem since it is a much more difficult one. Let us first study the 
behaviour of the quantities u and y of eqs. (5) and (6). We see that in these equations 
the change in phase experienced by a wave in traversing a narrow slab of homogeneous 
dielectric with thickness 4z is Ky(1—) 4z (compared to its free-space phase 


path). Furthermore; the wave will experience a damping given by oe gts 
2 
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where A, represents the amplitude of the wave if the dielectric slab were removed 
and A, represents the amplitude of the wave with the slab present. These rela- 
tions are true regardless of the conditions experienced by the wave elsewhere along 
its path. They may be expressed together in the relationship 


AlogA _  —Ky%zAz x (14) 


, oe or eee es ere 
The quantity ° 4 __ for the conditions of interest, as a function of the electron density 
pag 


N, for various parametric values of the collisional frequency y is shown in Fig. 4. 
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It is interesting to note that from VN = 0 to N = 2000, ; £ : is very nearly constant 
for constant ». The exception to this lies in the region around N = 300 for low 


values of collisional frequency. 
The above relationship is very useful since it means that if we cause the amplitude 


and phase of a wave to change by increasing the electron concentration in the path 
of the wave, then these changes will usually be such that aa = f(v) and is in- 


dependent of the initial and final N values. Geometrically this means that a plot 
of log A vs @ is a straight line if N is increased at a particular » level. If, then, we 
could measure the variations in phase and amplitude near the electron screen, we 
could deduce the mean collisional frequency associated with the screen. The result 
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may also be obtained by measuring phase and amplitude changes in a plane distant 
from the screen if the phase and amplitude pattern is not badly distorted. Indications 
are that for typical ionospheric conditions k varies from 0-04 to 0-02 and A® varies 
from less than 1 to as great a value as 10 radians. Fig. 2 shows that, even in the 
case of a relatively thick screen of fine structure, it is safe to use the phase of the 
field at 50 4 as representative of that at the screen. Care must be taken, however, 
in using the amplitude records, since they become badly distorted in most cases at 
this distance. 

In order to investigate the field distribution at the ground, we could move 
equipment which measures the phase and amplitude of, say, the electric vector 
across the field due to the screen. In the case of the ionosphere, this is neither 
practical nor necessary. Experimental evidence indicates that, in general, 150 ke/sec 
fades are associated with ionospheric winds; 7.e., we have a screen moving overhead, 
We may, therefore, investigate the structure of the screen by using transmitters 
and receivers fixed in space to observe the screen as it moves overhead. Records 
of the variation of phase and amplitude as functions of time are obtained which may 
be converted to spatial variations by means of the velocity with which the screen 
is moving. 


EXPERIMENTAL RESULTS 


The experimental conditions, of course, are not the idealized ones assumed in our 
theoretical development. In the experimental arrangement we have a transmitter at 
the ground emitting 150 ke/sec pulses which travel from the ground to the ionosphere 
where they are resolved into the two magneto-ionic components [4], [11]. One of 


these, the ordinary, is reflected in the neighbourhood of N = 3000 electrons/cm$ 
and each of the components excites the other in the neighbourhood of N = 300 elec- 
trons/em* through coupling. This composite signal is then returned to the ground 
where we may measure the amplitude of the pulse and the phase of the r.f. within the 
envelope. This complicates the situation in a number of ways. In the first place, 
we have two values of m and associated with the propagation of the wave within 
the ionized medium, one for the “‘ordinary”’ wave and one for the ‘‘extraordinary”’ 
wave. The calculation of the variations of phase and amplitude of the resultant 
signal in this case becomes quite complicated. Since the amount of the extraordinary 
wave present is usually small, especially during daylight hours [11], we shall neglect 
its effect and assume that the received signal is entirely “ordinary’’. 

A further complication lies in the fact that we must consider the “‘reflection 
region”’ in which our W.K.B. solutions are no longer valid [5]. This is true because 
we may only observe the wave after a “‘round trip” from the ground to its reflection 
region. We shall assume in this analysis that the reflection region acts as a fixed 
metallic reflector during our fifteen-minute observation periods. An experimental 
verification of the validity of this assumption is considered later. 

Finally, we must consider that the wave passes through the screen twice in its 
trip from transmitter to receiver. This is simply done if we assume that the screen 
is in close proximity to the reflection region and, therefore, the double transit 
may be represented by doubling the path in the integrals of eqs. (10) and (11). 

Let us now proceed to a study of the experimental data. We find that, in general, 
daytime data exhibit smaller changes in phase path and signal amplitude and a better 


86 





The heights of ionospheric winds as measured at long radio wavelengths 


one-to-one correlation is obtained between amplitude and phase path variations. 


A sample set of well correlated records is shown in Fig. 5. It may be seen that the 
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phase and amplitude exhibit a good one-to-one correlation. If we plot log A vs h 


(see Fig. 6), we find that the best straight line through these points corresponds to 
a value of 


log (A,/Ag) log 3 ; 3 
= a = —_———_ = 3:08 km 1 
hy ag he 0-36 
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where A; is the amplitude corresponding to the phase height h;. This may be con- 
A log A 


- through the relationship 


verted to the form 


AG — —— (15) 


and we have 
AlogA _ 9.96 Bepers _ _ pp. 
A® radians 


This quantity may be related to the ~ and z if we assume a variation in N at a 


constant » value. In this case R = i + 0-96. 

We see from Fig. 4 that this corresponds to a collisional frequency value of 
8 x 108 sec-!. This may be converted to a height through an atmospheric model. 
Using a collisional model due to NicoLeT [12], we see that this corresponds to 
a height of 76 km. 

Very often, particularly at night, the phase variations are of greater depth than 
those shown in the example and there is not a one-to-one correlation between the 
phase and amplitude. In these cases we usually find that the amplitude pattern 
tends to have a finer structure than the phase pattern. This may be attributed 
to the effect which was shown in Fig. 2 for the thick phase-amplitude screen. In 
that case, we found that although the phase pattern was well preserved 50 4 distant 
from the screen, the amplitude pattern showed rapid fluctuation. 

We have analyzed 70 sets of data obtained during various times of day and 
procured during the 4-1/2 month interval November 1951 to March 1952. The 
data which showed good correlation were analyzed by the method given in the ex- 
ample above. In the case of the data exhibiting poor correlation, the analysis 
was performed by comparing the maximum or spread of deviations in amplitude 
and phase. Under the latter conditions, this means that we are assuming that the 
depth of amplitude modulation at the ground is not too different from that at the 
ionosphere, even for the badly distorted patterns, as is borne out by Fig. 2. 

The winds heights calculated from these data are plotted as a function of diurnal 
time in Fig. 7. The points which show good correlation between amplitude and phase 
are shown as (+-). The other points, which were obtained by the alternate procedure 
mentioned above for poorly correlated data, are shown as @,-, or x. The @ results 


were obtained for values of {2 which gave rise to no ambiguity in the choice of 
y-curve from Fig. 4. The »« and- results correspond to the values of ; Z for which 
more than one choice of curve is possible in Fig. 4. In each of these cases there is 
the “straight line”’ curve of generally high value of v, but there are also one or more 
low collision curves which could cause the same average effect over a narrower 
range of N(in the N = 300 region) as the high collision curve. However, while the 
ambiguity is usually more than two-fold, the high collision case may be separated 
out. Thus, in the night portions of Fig.7 there appear a group of -’s below the 83 km 
line which correspond to the high collision choice in the ambiguous cases. Above 
the 89 km line, there appear an equal number of ~’s for the low collision choice. 
Because we cannot determine which low » curve these last belong to, they are spread 
out over an indefinite range between 89 and 100 km. 
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Some of the daytime results are subject to the same lack of uniqueness as men- 
tioned above. However, these complications may be removed by other reasoning. 
If we study other low frequency results [13], we find that there is little possibility 
of having electron concentrations as low as 300 electrons per cc at the heights re- 
quired to give the small collision values during the daylight hours. We, therefore, 


conclude that these : x __ values belong to the lower heights (higher v) and the points 


have been plotted only once. 
At night, on the other hand, the other low frequency data favor the higher 
heights since the tail of the night-time H-region (N < 600) lies at a relatively low 
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Fig. 7. Diurnal variation of ionospheric winds height. 


collisional level. But, since all question is not removed by this reasoning, both the 
upper and lower possibilities are plotted. We have used the 150 kc/sec group 
heights to provide an upper limit on the height when the points are plotted at the 
higher level. 

All of these winds heights are mean values since we feel sure that the ionization 
is not in fact confined to the narrow spread of height. These results do mean, 
however, that if we produce the desired changes in phase path and absorption by 
introducing electrons at the height levels obtained here and then attempt to modify 
this narrow band of ionization to approximate the conditions in the ionosphere, 
any electrons which are transported to a higher level must be balanced by electrons 
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at a lower level. In general, a higher electron density will be required at the lower 
levels because of the behaviour of uw and x at the higher collisional frequencies [9]. 

Finally, the question may arise as to whether the disturbances causing the phase 
and amplitude fluctuations may be due to roughness in the reflection region itself 
rather than a screen below this level. Independent experiments are found to provide 
a sufficient condition that a transmission screen is responsible. One such test is 
to check the corresponding phase and amplitude variations on the lower echo due 
to magneto-ionic coupling of the two component modes simultaneously with those 
observed on the normal echo component of greater delay [11]. (As indicated in the 
reference, the former echo component is only observed at night.) If the fine structure 
of these variations, neglecting gross changes in time, corresponds to the structure 
of normal reflection patterns, then the disturbance is certainly occurring below 
the main reflection level and not any higher than the level associated with the coup- 
ling phenomena. This test has been applied to several of our night-time 150 ke/sec 
phase and amplitude records. Those which were investigated showed good correla- 
tion in the phase records while the amplitude variations were found to be the same 
with regard to the envelope. The conclusion to be reached is that the modulations 
appearing in the two echoes arise from the same ionospheric region which is, there- 
fore, not above the coupling region. 


CONCLUSION 

We have obtained the height of the ionospheric winds subject to certain restrictions. 
The principal one of these is the assumption that the field pattern at the ground is 
such that we may obtain information regarding the magnitude of the phase shift 
and absorption experienced by the wave as it passes through the wind screen. In 
the case of the phase variations, our results are probably quite good. The amplitude 
effects are less certain because the signal amplitude pattern is destroyed more rapidly 
at large distances from the screen. 

Another assumption which has been made is that we are observing a pure ordinary 
wave. This is probably valid during the day, but is less true at night when, under 
certain conditions, the extraordinary wave may approach the ordinary in magnitude. 
This may be allowed for, however, if a selective antenna-receiver system which 
will be sensitive only to one of the components is used. 

Another assumption, verified in pert above, is that the effects measured take 
place only in a W.K.B. region and not ‘n a reflection region where the relation be- 
tween 4@ and change in amplitude becomes extremely complicated. In this connec- 
tion, it would be extremely valuable to set up a three station system, similar to 
the winds amplitude recorders, for measuring the phase variations. This would 
indicate whether the phase pattern actually does move across the ground with the 
same velocity as the amplitude pattern. 

Experimentally it is determined that, at the ground, the mean index of amplitude 
modulation is around 0-6 and the phase modulation varies from 0-5 to more than 
10 radians. This corresponds to a screen height of from 74 to 77 km during the day 
and from 83 to 100 km during the night. The upper limit on the night-time value 
is selected by the 150 ke/sec group heights and may, therefore, be somewhat too 
high; probably on the order of 5 or 10 km. 
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The lower E and D region of the ionosphere 
as deduced from long radio wave measurements * 
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INTRODUCTION 


One of the more difficult regions of the ionosphere to study by the use of radio 
sounding techniques is the lowermost portion which is responsible for the reflection 
of radio waves of wavelength of a kilometer or greater. This is true both from 
a theoretical and experimental point of view. 

This work includes the analysis of our own Laboratory’s 150 ke/sec results 
along with studies of certain other low frequency data from other laboratories. 
The purpose of this analysis has been the development of an ionospheric model. 
Our method of attack has been to assume a model, test the model against experi- 
mental data till it failed, correct the model, retest against experimental data, etc. 

Since this prediction-correction process has been going on for some time, we 
shall not consider the models which failed. We shall, rather, present our latest 
and apparently best model and proceed to test it against experimental results. 
It must be understood that in presenting this model we do not assume that it is 
the final or most accurate which can be deduced. Our method is based on the pro- 


perties of gases containing free electrons. Given these properties we attempt to 
select physically feasible configurations of gas and electron densities with height 
which will give the phenomena obtained by radio sounding experiments. This 
process involves succesive approximations and the present model represents an 
intermediate “‘step’’ along the way. 


THE MopEL 


As stated in the introduction, our model is composed of an electron distribution 
which may be considered as a function N(z, y, z) electrons/em’, where zx, y, z 
represent coordinates in space. We must further specify the distribution of other 
atmospheric constituents. This shall be done in our case only implicitly. We shall 
first assume that the relatively massive ions occur in sufficiently small numbers 
that their effect on a radio wave may be neglected. We shall also assume that the 
effective collisions of electrons are with neutral particles in the region of the iono- 
sphere which we shall consider and the collisional frequency is independent of 
the electron density N. In this case we may specify a collisional frequency vs. 
height relation around which to built our model. This relation is shown in [1]. 

Next we must consider an electron distribution. We shall refer to this distribution 
in two parts, as an H-layer and a D-region. Our E-layer N distributions are the ones 
introduced in a previous paper [2]. The D-region is a modification of the one intro- 


* The research reported in this paper has been sponsored by the Geophysics Research Division of 
the Air Force Cambridge Research Center, Air Research and Development Command under Contract 
AF19 (122)-44. 
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duced in previous work [3]. The height distribution of electron density is shown 
for this D-region model in Fig.1. The diurnal-seasonal variation in maximum 
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Fig. 1. Electron density vs. height for D-region. 
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Fig. 2. Maximum D-region electron density vs. diurnal time. 


electron density is shown in Fig.2. The total electron density is proportional to 
cos 7, where x is the sun’s zenith angle. We are not attempting at this time to 
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offer any theoretical explanation for such a model—it is intended only to be a model 
which is consistent with the experimental data. Figs. 3 and 4 show the models for 
a summer day and a winter night for the region of interest (NV < 3000 electrons/cm’). 








km | | a 


150kc/s Reflection height 


LL 








96 











T 
| 150 kc/s ee L— 
[eftection height | ——— 
—— t 
= =—%50kc/s Mar. coupling 
(v>»>%) 














\ 











750 kc/s Maximum coupling 
(v Ve ) 





££ 





150 kc/s 
48 kc/s| 
4 








> 
Ss 


it 
t 





Absorption | { 16 ke/s 


Height ——= 
Phase path 














4 
r 





150kc/s Winds ~ 
Winds 

Absorption 

Phase path 
Polarization| 4 150\c/s 














i) 
% 


T 
4 








W and most of absorption 
z 


a 











8 


A day-time mode/ 
midsummer 
1 


150kc/s _ 
48 kc/s 


A night-time 












































|. 76kc/s Absorption and phase path 








1 a | i om 1 H 1 ! ! zsh ef, 
7200 1600 2000 2400 2800 ¥00 800 17200 1600 2000 2400 2800 
N-—= electrons/cm? N—= electrons/em3 
Fig. 3. Fig. 4. 


rt 








8 


THE THEORETICAL METHODS 

The theoretical results to be considered have been obtained by methods which 
have been discussed in detail in previous papers [1], [2], [3], and [4]. The reflection 
coefficients and phase heights presented here are obtained by numerical integration, 
however, rather than the curve fitting of [2], which was used in the preliminary 
exploratory work. Coupling results are obtained using the method of variation 
of parameters discussed in [4]. The methods of [1], which were used in comparing 
the amplitude-phase records, have been extended to study simultaneous variations 
in absorption and polarization. 


THE VirtuAL HEIGHT oF REFLECTION 

We shall consider first the virtual height of reflection. The lowest frequency vertical 
incidence records available are the 16 kc/sec phase heights vs. time records obtained 
by the English workers [5], [6]. The experimental results are shown as a function 
of diurnal time in Fig.5 for a group of summer days. The seasonal variations at 
noon and midnight are shown in Fig.6. 

Let us consider the behaviour of our model. The region of interest in this case 
is that around 300 electrons/em*, which is the X = 1+ Y reflection condition 
for 16 kc/sec waves [7]. If we obtain the wave solutions for our model, we find 
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that the diurnal and seasonal variation in reflection height is in quite good agree- 
ment with the experimental data. These results are shown in Figs.7, 8, 9, and 10. 


Since our D-region consists of a ‘‘D-layer”’, we find that we have two 16 ke/sec 
reflection regions, one in the H-layer and one in the D-layer, with a transition from 
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ig. 5. Envelope of 16 kc/sec experimental phase lag vs. diurnal time. 
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Fig. 6. Seasonal variation of 16 kc/sec phase height (experimental). 


one reflection level to the other around sunrise and sunset. This transition seems 
to take place smoothly, however. 


We may also consider the equation 


hy = hy + A(t) log (sec y) 


which is used by the English workers to describe the 16 ke/sec “‘apparent’’ heights 
when the sun’s zenith angle is v and 0, respectively, and A (t) is a constant for any 


95 





R. J. NERTNEY 


%& 
X 





oe x 
Sa 





a 
&% 





% 
* 





a 
S 








Phase height 


8 








D 
i) 














a 
+ 

















4 
| 

a 
22 ey 
LMST 





1 


Figs. 7-9. Theoretical 16 ke/sec phase height vs. time. 
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one day, but is found to vary throughout the year. The experimental values of 
this parameter are shown in Fig.11. These may be compared with Fig.12, which 
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shows the results for our model. We see that the values for the model are very 
nearly constant and that the ‘‘double humped” effect is not present in the model. 


Next we shall consider the group and phase height of reflection at 150 ke/sec. 
These results are shown in Fig.13, 14, and 15. The group heights may be compared 
with those presented by Linpquist [8]. It may also be noted that the variation 
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Figs. 16-18. Theoretical 48kc/sec phase heights vs. time (March, June and December). 


in phase height is approximately that measured by WEEKES and Stuart [9] at 
100 ke/sec. 

Calculations have also been made at a frequency of 48 kc/sec. These results 
are shown in Figs. 16, 17, 18, and 19. We note here that the behaviour is more similar 
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Fig. 19. Theoretical seasonal variation in 48 kc/sec phase height. 


to the 150 ke/sec results than the 16 ke/sec results, in spite of the fact that the maxi- 
mum electron density of the D-layer is greater than that required to attain the 
X = 1 [7] and X = 1+ Y [7] reflection conditions. This occurs because the effect 
of the high value of collisional frequency, v, in this region is such that sufficient 


reflection does not take place in the D-layer at this frequency to change the phase 
height results appreciably. 
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THE ABSORPTION (REFLECTION COEFFICIENT) 
In defining the absorption, we must use great care since there are at least three 
effects which should not properly be called absorption which necessarily affect 
the recording devices. The first is the polarization effect. This will affect any ‘“‘ab- 
sorption’’ recorder which depends on a single linear component of the returned 
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Fig. 20. Theoretical absorption vs. diurnal time ‘150 ke/sec). 


wave for its information. Secondly, we must consider losses due to 
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‘reflection in 


depth” with resultant pulse distortion when we use pulse techniques. Finally, 
there is the problem of pulse interference from two closely spaced reflection regions. 
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Monthly mean absorption observed on 150 ke/sec. 


The first of these effects has been found to be quite serious during the sunrise 
period and will be discussed in detail in the polarization section of this paper. The 
second effect is negligible at 150 ke/sec, both from the theoretical and experimental 
points of view. The last mentioned, ‘pulse interference”, is most serious during 
the night from somewhat after sunset until sunrise and will also be discussed later. 
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The dissipative absorption at 150 ke/sec has been calculated for the model and 
yields the theoretical curves shown in Fig.20. These may be compared with the 
experimental curves of Fig. 21. 
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Figs. 25-26. Experimental variation of 16 ke/sec reflection coefficient vs.diurnal time on a summer 
day and winter day. 





We have also calculated the diurnal variation in vertical incidence reflection 
coefficient for 16 kc/sec for March, June and December, which is shown in Figs. 22, 
23, and 24. These may be compared with the English experimental results of Figs. 25 
and 26. Again the sunrise period is greatly influenced by small variations in electronic 
configuration during the height transition period, which results in the ‘‘bumps”’ in 
the theoretical reflection coefficient near these times. 

The theoretical seasonal variation in the absorption at 48 ke/sec is shown in 


Fig.27. Experimental results for comparison are not available. 
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The variations in absorption with frequency for summer noon, winter noon, 
and winter night are shown in Fig.28 for the experimental results and in Fig. 29 
for the model. It may be seen that relatively good agreement is obtained. 
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Fig. 27. Theoretical seasonal variation in 48 ke/sec absorption. 
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operating frequency. operating frequency. 


THE POLARIZATION 

The only polarization data available to us in any quantity are our own 150 ke/sec 
results. These experimental results, along with the requisite theory, are discussed 
elsewhere [3] and [4]. Again the only major change in the present model has been 
the removal of the night-time D-region. This was deemed necessary because a more 
careful study of the experimental results showed that the previously determined 
large value of night-time angle of tilt was due to interference between the ‘main 
reflection’’ and “‘coupling”’ echoes [4] and [8]. 
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The effect of interference between these two echo components on the polarization 
recorded by our polarimeter is extremely difficult to detect since, even for echoes 
which appear to be fairly well resolved, we frequently find evidence of contamination, 
160 and it is only under condi- 
r tions of good separation 
r (on the time base) that 
T the echoes assume their, 
approximately, 0°-—90° 
L orientation of angle of 

a ee tet — tilt, as shown in Fig. 30. 
se The tendency of the 
echoes to assume this 
configuration was tested 
by rotating the receiving 
loop on another piece 
Li asi eine cial ci of continuous recording 

tain reflection echo (night) Pp : : 
— June 51 equipment (phase-height 
a oe oa ee a aay equipment) torecord first 
LMSZ with a nearly N-S orien- 
Fig. 30. Experimental monthly average angle of tilt (y) vs. diurnal tation and then with an 
time. . : 

E-W orientation. A great 
enhancement of the night-time main reflection relative to the coupling echo was 
found under the latter conditions which tends to verify the orientation of the major 
axes of the polarization ellipses of the two night-time echoes as being very nearly 
— - -— at right angles (N-S and 
a-bec. d-Mar— 1 nm E-W). This is in agree- 
| b-Jon. e-Apriti—_t_|— é 
| c-Fes. f-May_| | | ment with the model 
g-June | | iPSENGEE ‘ect | Without a night-time D- 
‘een layer and also gives better 

agreement with the re- 
sults of HELLIWELL [10]. 

The theoretical and 
experimental results 
the angle of tilt, y, 
compared in Figs. 
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; of ellipticity 0 from res- 
ults previously reported [3]. The sense of rotation of both echoes is left- 
handed in the direction of propagation, both theoretically and experimentally. 


THE WINDS 


We shall mention the ionospheric winds only briefly here since this problem has 
been discussed in detail elsewhere [1], [11]. It is of interest to note, however, how 
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these winds and their heights, as measured at 150 ke/sec, fit into our ionospheric 
model. 

Referring again to Figs. 3 and 4, we see that the wind heights which were derived 
by the method described in [1] fit into our model very well, since it turns out that 
the daytime winds heights occur in our D-region and the night-time results occur 
in the tail of the night-time #-region. 

We might also mention at this point that, since the writing of [1], a method 
has been developed which further establishes that the daytime winds occur at 
least partially below the coupling region. If one considers the polarization theory 
of [3] and [4], it may be shown that a change in ionospheric structure above the 
coupling region will not effect the polarization of the downcoming wave since, in 
this region, the downcoming (main reflection) wave is propagated as an independent 
“ordinary”? mode. Any change in the structure of the ionosphere below this level 
will, however, change the angle of tilt, y, of the polarization ellipse since there is 
a difference in phase path for the ordinary component of the primary wave and the 
extraordinary wave excited by coupling. The total absorption and total phase 
path of the wave are determined by the entire ionospheric path up to the reflection 
level. 

It is possible, then, by comparing the variations in phase height, amplitude and 
polarization to determine, approximately, how much of a change in structure 
occurs above the coupling region and how much below. This problem has not been 
studied in great detail. However, preliminary indications are that the major portion, 
if not all, of the 150 ke/sec ‘‘winds”’ disturbances during the day lie below the 
coupling region (h < 85 km). 


THe Errect or A S8.1.D. (ON Waves INCIDENT VERTICALLY) 


Experimentally, it has been extremely difficult to obtain any quantitative inform- 
ation regarding the effect of solar flares and S.I.D.’s on our 150 ke/sec records since 
these effects usually occur so sharply that it is impossible to detect, for example, 
whether the angle of tilt of the polarization ellipse is increasing or decreasing. The 
effect is one of the echo suddenly disappearing with no trend in either direction, 
either at the onset or the termination of the disturbance. LINDQUIST [8] has given 
figures indicating the results of observing 198 8.I.D.’s and 121 solar flares on the 
150 ke/sec group height records. 

We may, however, study an example given by the English workers [6] of data 
obtained during a S.I.D. on 7 October 1948. In this case a decrease in apparent 
phase height of about 6km was observed for frequencies of 16 ke/sec, 70 ke/sec 
and 113 ke/sec. The signal level was affected quite differently, in that the reflection 
coefficient for 16 ke/sec was hardly affected, while the amplitude of the 70 and 
113 Ke/sec signals decreased by a factor of nearly 100. 

If we compare the change in amplitude with the change in phase for the 113 
kc/sec signal, we see that the change in phase is much too large to correspond to 
a shortening of the transmission path by ionization below the 113 ke/sec reflection 
level at any reasonable value of collisional frequency. This corroborates the con- 
clusion of the English workers and means that most of the change in phase path 
corresponds to an actual decrease in the height of the reflection region. On the 
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other hand, we must attribute a portion of this phase change to the increased ioniza- 
tion below the reflection region which is responsible for the greatly increased 
absorption on 150 ke/sec and the shortening of the 16 ke/sec phase path (remember- 
ing that the 16 kc/sec waves are reflected at a lower height with an electron density 
of about 300 electrons/cm*). If we cause our model to build up according to the 
rules which we have assigned in considering the solar control, we find that it gives 
the proper qualitative results if we assume that conditions in the lower ionosphere 
during the maximum of this particular S.I.D. correspond to those normally present 
at June noon. In this case, we find that the increased ionization occurs throughout 
the entire region from about 60 km to about 90 km. It would be very interesting 
to study the effects of S.I.D.’s at oblique incidence from a theoretical point of view 
since it appears that this model could well give the results observed experimentally. 


OBLIQUE INCIDENCE 


The oblique incidence problem has not been considered in any detail. It is interesting 
to note, however, that our D-layer model, as it stands, contains critical electron 
levels of the X =1-+ Y type for frequencies up to about 35 ke/sec and critical 
electron levels of the X=1 type up to about 230 ke/sec. These are maximum 
values and apply at summer noon. The corresponding frequencies at winter noon 
are about 22 kc/sec and 180 ke/sec, respectively. 


We might expect, then, to find critical changes in oblique incidence transmission 
properties in the 20-35 ke/sec region and again in the 180-230 ke/sec frequency 
range if our model is correct. These changes will, of course, depend on the angle 
of incidence since, for example, the X = 1 critical level for 150 ke/sec, which lies 
in D region, is totally ineffective at vertical incidence. 


It is interesting to compare some of the oblique incidence height results summariz- 
ed in [6] with our model. This is done in Table I. It may be seen that the reported 
heights are in good agreement with certain of the heights of the critical levels in 
our model. This is especially striking if we eliminate some of the critical levels. 
For example, the X = 1 level at the lower frequencies (say, f <50 ke/sec) is entirely 
ineffective at vertical incidence because of the very high collisional frequency in the 
“tail” of the model. We might also expect this behaviour at oblique incidence. 
We would expect, then, that the X = 1+ Y level would be effective for these fre- 
quencies. 


If we consider the somewhat higher frequencies (say, {> 50 ke/sec) we find 
that there is not a sufficiently high electron-density in the D-layer to give the X = 
1+ Y condition. On the other hand, we now find that the X = 1 level occurs at 
a greater height and, consequently, a lower collisional frequency, and, although 
this level is not effective at vertical incidence, it could well cause reflection at ob- 
lique incidence. 


The situation at night, when there is no D-layer in the model, is relatively 
straightforward and gives heights which correspond to the X=1+ Y condition 
in the #-layer. It is, of course, true that this evidence is by no means conclusive 
and, in particular, we would not necessarily expect the phase heights to correspond 
to the heights of the critical N values to within a few kilometers. On the other hand, 
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our study of the vertical incidence 
propagation characteristics at low fre- 
quencies does indicate that the phase 
heights are, in fact, very nearly equal 
to the heights of the critical levels, 
and we would not be surprised if this 
situation were also true for the oblique 
incidence case. 








Night-time height of 
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SUMMARY 


Let us return again to our model. In 
Fig.3 we have drawn the model for 
a summer day and indicated the ex- 
perimental and theoretical evidence 
which we have used in establishing 
the model. 


In the first place, it is necessary 
that the 16 kc/sec waves be reflected 
at a height of about 70km. We have 
caused these waves to be reflected in 
the tail of our D-region with the prin- 
cipal reflection region around 75 km. 
We could obtain the same phase height 
by modifying the model in one of 
two ways: (1) by replacing the reflec- 
tion region at a lower height and 
giving the layer a steeper bottom (in 
order to increase the phase path below 
the reflection region), or (2) by raising 
the reflection height and causing the 
layer to ‘tail out”’ more slowly, which 
would give a relatively long actual 
path to the reflection region with 
the same phase path. We may dis- 
card both of these modifications of 
the lower D-region because, at most, 
we would change the height of the 
reflection region by only a few kilo- 
meters in performing modification (1), 
and modification (2) would result in 
prohibitive absorption if we attemp- 
ted to raise the reflection level of 
N = 300 electrons/em* more than a 
few kilometers, at the same time 
shortening the phase path by adding 
electrons below. 
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Next we see that the heights determined by the 150 kc/sec daytime ionospheric 
winds-phase path measurements [1] are centred around the nose of our layer. 


This brings us to the minimum between the layers. This is necessary because 
of the fact that we must, in the region between the bottom of the layer and the 
150 ke/see reflection level, have electron densities in excess of 300 electrons/em* 
in order to produce the proper absorption of the 150 ke/see waves. We must also 
have sufficient electron densities below the coupling region to produce the proper 
angle of tilt of the polarization ellipse. It has been shown [4] that coupling effects 
occur when we obtain an electron density of about 300 electrons/cm with sufficiently 
low collisional values. This means that we must allow the electron density to drop 
to a value of 300 electrons/cm* between the reflection level and our D-region electrons 
centred around 80km. We see, then, that we must have a mass of electrons 
centred around 80km and bounded below the 16 ke reflection region (300 elec- 
trons/em*) and above a coupling region (300 electrons/cm’). 

One remark which should be made again at this point is that, when we say 
that a distribution is ‘‘centred”’ around a level, we mean ‘‘centred”’ in terms of the 
variation of the indices of refraction from (1+ 70), the free space values. This 
means that, in a model having a decreasing collisional frequency with height, the 
centre of gravity of the actual electronic configuration will lie at a lower level. 
This is due to the tendency of the indices of refraction to ‘‘smooth out”’ at high 
collisional frequencies [13]. 

Finally, we have the 150 ke/sec group height data which have already been 
discussed in some detail elsewhere [8]. In this case, the model is consistent with 
the data to within experimental accuracy. 

One effect which probably should be mentioned in connection with the depen- 
dence of one portion of the model on another is the group retardation in our D-region 
on the 150 ke/sec height results. This retardation varies from zero during the night 
to only about 2-3 km at summer noon, so that any error in the construction of 
our D-region will not effect the 150 ke/sec group height results appreciably. 


It is difficult to specify tolerances in work of this kind. We may certainly, 
for example, measure the location of the ‘“‘centre” of our D-layer or the group 
height of a signal to within a few kilometers. The electronic configuration which we 
seek to establish to give the same results is much more uncertain, however. There 
is evidence that we are approaching the desirable situation of specifying “true 
heights” of certain levels of electron density to within scale height units. This is 
a difficult standard to attain since the scale heights in the region which we are 
studying are so very small and the variations in electron density with height are 
quite large. 
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ABSTRACT 

The approximate theory of Gans for electro-magnetic scattering and absorption by ellipsoids is applied 
to atmospheric particles. It is found that the general form and state of orientation of such particles 
may be determined, at least in a qualitative manner, from the back-scattered radiation. 

Spherical particles return radiation polarized like the incident radiation. Non-spherical particles 
(with some exceptions) give rise to a cross-polarized component. 

If the particles have preferred orientations, the back-scattered energy depends not only on particle 
shape but also on the polarization of the radiation and on its angle of incidence. This dependence is 
more pronounced for water (or water-coated ice) particles than for ice, while snow, on account of its 
low refractive index, scatters almost like spheres of equal volume, regardless of particle shape or orienta- 
tion. 

Randomly oriented shaped particles always scatter and attenuate more strongly than equivolumic 
spheres; if the particles are oriented, there may be an increase or decrease of their scattering and attenuat- 
ing powers, depending on their orientation relative to the incident beam. 

These results in conjunction with KERKER, LANGLEBEN and GuNn’s [1] calculations on scattering 
and attenuation by water-coated ice spheres are shown to be essential constituents of the theory of 
the bright band (the intense radar echo received from precipitation particles in the process of melting). 


INTRODUCTION 


In the work on scattering and attenuation by hydrometeors, sufficient attention 
has not been paid thus far ** to the non-spherical shape of these particles. In part, 
this may be attributed to the lack of a general theory. The mathematical formulation 
of the problem of scattering from ellipsoids—the simplest non-spherical shapes—does 
not appear too difficult, but its solution has been carried through only in special 
cases (e.g. by Scuuttz [2], who dealt with prolate spheroids scattering radiation 
incident along the figure axis). 

If the particles are small compared to the wavelength, the approximate treat- 
ment of Gans [3] may however be used. This work is essentially an extension of 
RAYLEIGH’S [4] approximate theory for spheres to the case of ellipsoids. But 
unlike RAYLEIGH’S work, Gans’ has not yet been corroborated, either by an in- 
clusive and rigorous theory (as Mie [5] provided for spheres) or by experiment. 

The present work is essentially an application of Gans’ theory. For this reason, 
the results and conclusions of this paper, while reasonable and useful, are of uncertain 
accuracy in detail. The cases dealt with are of interest in atmospheric scattering, 
particularly in the study of radar echoes from rain and snow. The scatterers are 


* Contributions to this paper by Dr. KERKER and Dr. HiTscHFELD have been sponsored by the 
Geophysics Research Division of the Air Force Cambridge Research Center under contract AF 19 
(122)-217. 

** As galley proofs of this paper were read by the authors, an account of theoretical and experimental 
investigations of some of these effects by N. R. Laprum appeared in J. Appl. Physics 1952 (De- 
cember) 12 1320-1330. 
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assumed to be ellipsoids of revolution (oblate and prolate spheroids), although it is 
recognized that the actual particle shapes may be more complicated. Whatever 
the shape, the assumption of axial symmetry is probably justified. 


THEORY 


Gans resolves the incident electric field intensity into components along the figure 
axis and two perpendicular diameters of the spheroid. These orthogonal components 
then induce proportional dipole moments in the same directions. The dipole mo- 
ments in turn re-emit streams of radiation polarized in planes, each containing one 
of the chosen axes. Finally, each of the re-radiated components is resolved along 
the x, y, and z coordinates of the receiving system. The fundamental limitation of 
this approach is that only dipole moments are considered. The higher order multi- 
poles are neglected as they are in RAYLEIGH’s treatment of small spheres. A brief 
outline of the mathematical details follows: 

Let the radiating antenna describe an orthogonal system of coordinates x, y, z. 
Let the emitted radiation travel along z, with the electric vector vibrating at an 
angle B with the z-axis. Let this radiation have unit amplitude at the scatterer 
which defines another coordinate system é, 7, ¢, where & is chosen in the direction 
of the figure axis of the spheroid, and 7 and ¢ are along any pair of perpendicular 
diameters. The electric field at the spheroid has components E,, E,, E,. The 
electric dipole set up in the spheroid has components f,, f,, f;, which are related 


to E by 
fe=gE;, L=9 £,, and f,=g'E;. (1) 


The factors g and g’ are given by Gans: 


_— _ me V(m’?—1) ‘ 
~ 42+ (m’*—1)P (2) 





and 
_ mV (m’?—1) ; 
= Sat (m1) P? (3) 
where P and P’ are geometrical factors defined by 
ae eee eye l+e\_ 
P= 4n— 2P! =407— [ae im (7*S) 1] (4) 
for prolate spheroids, and by 
P=ta—2F = —© are sin | (5) 
e e 
for oblate spheroids. Here m, is the refractive index of the surrounding medium, m’ 
is the ratio of the refractive index of the particle to m,, V is the particle volume, 
L, L’, y, and y’ are defined by eqs. (2) and (3), and ¢ is the eccentricity of the principal 
elliptical cross section, 7.¢e. e = A? — B?/A, A and B being the axes of the ellipse. 
Kgs. (1) and (2) suggest the following rules: (i) when the electric field vector is 
parallel to the axis or one of the diameters of the spheroid, only the corresponding 
dipole moment is excited. Similarly, when the electric vector is perpendicular to 
the axis or one of the diameters, the dipole moment excited has no component in 
the direction of such axis or diameter; this means that there is no cross-polarized 
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component in the excited field. (ii) The amplitude of the scattered field is propor- 
tional to the volume of the particles, and increases with their refractive index. 


The components of f in the x, y, and z directions are easily found to be 


f, =c {(a—b) a, («sin B + a, cos B) + bcos B} 
f, = ¢ {(a —b) a (asin B + a, cos £) + bsin p} (6) 
f, = {(d —b) ay (xg sin B + a4 cos f)}, 
where 
ganz 1” 
Com aa ; a=Lecos(2arvt—y), and 6b6=L’'cos(2art—y’). 
%1, %, 4%, are the direction cosines of the £-axis with respect to the 2, y, and z direc- 
tions respectively, 1 is the frequency of the radiation, and ¢ is the time. 
The intensity of the radiation scattered in a direction making an angle y with 
the incident direction is 


Ty = (22)* Cf + freost y + sin’ y], 7) 


where / is the wavelength of the radiation. The first term in the bracket represents 
the intensity of the scattered radiation polarized parallel to the y axis; the second 
and third terms together represent the intensity vibrating in the scattering plane 
(i.e. that formed by the incident and scattering directions). In radar systems, only 
the back-scattered signal is observed (y = 180°) so that 


ly = (==) li + fl. (8) 


Furthermore, for plane-polarized incident radiation, one may choose the direction 
of vibration of the E-vector to be along either the x or y axis, i.e. 8B = 0° or 90°, so 
that in the case of conventional radar, the antenna responds only to f, in the former, 
and to /, in the latter, case. This simplification does not affect the generality of 
our results. 

Clearly, since a and b of (6) are functions of time, and since the direction cosines 
of that equation are for a single particle, substitution of (6) into (8) gives us the 
instantaneous intensity of the radiation returned by a single scatterer. We are, of 
course, concerned with the time average of the intensity (the average of f; and f;) 
radiated by an array of particles. Therefore, the square of each of the expressions of 
(6) has to be averaged over one cycle of the frequency v and over the values of the 
direction cosines of interest. If we set 8 = 90°, this gives 


(a a)® [L? — 2 LL’ cos (y —y’) + (L'] 


| 
+ 2 lag — of] LL’ cos (y — y’) | (9) 


+ [1 —2a3 + af} (L’)?} . 


Since / = 90°, eqs. (9) apply to vertically polarized radiation (# vector in the vertical 
y —z plane); f? is then the “parallel” component of the back-scattered radiation, 
i.e. the only one actually received by ordinary radar. The other term, f? represents 
the cross-polarized component. If the radiation is horizontally polarized (when 
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B = 0°, and the E vector is parallel to the x-axis) the above equations apply in 
exactly the same form, except that f, and f,, and «, and «, are to be interchanged. 
f? is then the parallel, and f? the “cross”’ component. 

In using the above equations, it is obvious that a very large variety of orientations 
of the scatterers relative to the antenna is possible. Two cases seem to be of out- 
standing importance. 

(a) The spheroids are randomly oriented, every possible orientation of the figure 
axis being equally probable. In this case, the scattering and attenuation are inde- 
pendent of the direction of polarization and of the angle 
of incidence of the radiation. 

(b) The spheroids have a preferred orientation, presum- 
ably determined by gravity and aerodynamics. In the 
limiting case, that of perfect orientation, oblates would 
have vertical figure axes, prolates would have their figure 
axes randomly oriented in a horizontal plane. In these 
cases, the polarization and the angle of incidence would 
both be significant. 

From Fig.la the direction cosines can be calculated 


to be 


a, = cos (7, £) = sin 9 cos p 
a» = cos (y, &) = sin Osing. 


For the case of random orientation it is only necessary 
to find the mean values of the «’s, averaged over all 
possible values of 6 and g. The results are listed in 
Table 1. 

When the spheroids are oriented, the angles of in- 
cidence and polarization must be defined. The beam is 
taken to travel along the z-axis with the electric vector 
parallel to the z-axis (8 = 0°) or the y-axis (8 = 90°). 
If we keep the x-axis horizontal, these two values of # 
correspond to the two common cases of “horizontal” 
and ‘“‘vertical’’ polarization, respectively. As the beam 
is directed towards a particular region of scatterers, it Fig.1a-c. Geometry of scat- 
has to be tilted away from the vertical; 4 will denote fering: Z-axis 's xis of mist 
the angle of declination of the z-axis from the zenith. It  oatterer. (a) pe esting 


follows then that for oblate spheroids (vertical £-axis) In (b) and (c) the figure axes 
(Fig. 1b): F are respectively vertical and 
%=0 and «a,=sind, horizontal. 6 is angle of de- 


while for prolates, where the £-axis is horizontal making _</ination of a angle 
an angle w with the x-direction (Fig. 1c): a See eee 


and projection of §-axis. 
a, = cosw and a,=sinwcosd 


y 


The required averages—for all possible values of w with 6 constant—are listed in 
Table 1. 

Eqs. (9) permit the calculation of the components of the back scattered energy 
polarized both in the plane of the emitted radiation and at right angles. A small 
extension permits the calculation of the attenuation as well. Attenuation of the 
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Table 1. Values of the average second and fourth powers of the direction cosines for the special eases 


af (a, % (a a)? 








Random orientation 
Oblates 
Prolates . 

Oriented particles 
Oblates (axes vertical) 











Prolates (axes horizontal)... .. / ————— ase: — ——— 











signal is due to two causes: in the first place, some fraction of the incident energy 
is dissipated by the scattering particle and converted into heat; in the second place, 
most of the scattered energy is not returned to the receiver. In addition, there is 
loss of energy due to the depolarization caused by nonspherical scatterers. This 
last effect is simply taken into account by computing both f? and f?, and remem- 
bering that, depending on the receiving antenna, only one of these energy components 
is accepted. 

The attenuation caused by the absorption and scattering-out by a particle is 
measured by the total absorption cross section Q,. For randomly oriented particles, 
this quantity can be transformed from Gans [8, his eq. (1)] into the form 


Q, ae mal ai “_Im(— — 29’) = 


This formula is not adequate for lossless dielectrics, i.e. in cases such as ice in 
which the refractive index m’, and therefore g and g’, are all real. Under these 
conditions, Q, should not be zero, but should equal Q,, the scattering cross-section. 
The failure of eq. (10) is to be ascribed to the fact that it is only a first-term approxi- 
mation. For lossless dielectrics, a better approximation is obtained by computing 
the scattering cross-section, which, according to GANs [his eq. (19)] may be ex- 
pressed as 


bv (Lsiny + 2L’siny’). (10) 


Q,= Q. = (=) F3y (ig! + 2 me V2 (L + 22), (11) 


lossless 


RESULTS 


Figs. 2 to 6 show the results of the computations made on eqs. (9), (10) and (11), 
using the values of the «’s from Table 1. It will be seen that the graphs for both 
water and ice particles are drawn for axis/diameter ratios ranging from 0-1 (oblate) 
through 1 (sphere) to 10 (prolate). These ratios correspond respectively to axial 
ratios (4/A) of 0-1 (oblates) to 1 (spheres) to 0-1 (prolates). While such a range of 
values is reasonable for ice particles, water drops never show such large distortions 
from the spherical form. Extreme values for axis/diameter ratios usually quoted 
are in the vicinity of 0-8 or 1-2, and these pertain only to the larger drops. The 
situation is different, of course, with ice crystals or aggregates and hailstones covered 
by a film of water. This situation prevails during the melting process, particularly 
in its early stages, and also when ice particles gather supercooled water so rapidly 
that all the water cannot freeze. No theory of the scattering and attenuation by 
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coated ellipsoids is available, but ADEN and KEerKER [6] have developed an exact 
theory for a sphere surrounded by a concentric shell of different refractive index ; 
KERKER, LANGLEBEN and GuNN [1] have made computations on the basis of this 
theory for an ice sphere surrounded by a water film. Their results show that with 
even a very thin water coating, the particle scatters and attenuates almost as much 
as (or in some cases even more strongly than) a pure water sphere of the same mass. 
Extending this finding in a purely qualitative manner to the case of ellipsoids, it is 
suggested that water-coated ice particles behave much like water ellipsoids, so that 
it is reasonable to consider large eccentricities even for liquid particles. 


In Fig. 2, we have plotted the behaviour of the parallel component J” of the 
scattered signal to be received from randomly oriented water and ice particles as 


WATER ICE 

A— backscatter =!O0 cm E — backscatter 
a 125 cm F — attenuation 
C= 3.2 cm 

D-— attenuation \=32 cm 


OBLATE 

















axis /dia —» 


Fig. 2. Parallel-polarized back-scatter and attenuation by randomly oriented water and _ ice 
g } : J 
spheroids, relative to return and attenuation by equivolumic spheres. 


a function of the axis/diameter ratio; the total attenuation cross sections Q/ for 
water at 4 = 3-2 cm and for ice are also shown. All these quantities are normalized 
relative to the corresponding quantities for a sphere. For this reason, the results 
are valid for particles of any size (small relative to the wavelength), and since the 
4-4 factor is removed, curves for all wavelengths may be shown on one set of scales. 

The graphs show that a very considerable gain of back-scattered intensity, as 
well as of attenuation, is to be expected from shaped water or water-coated particles. 
The effect of wavelength is not very important in the range (1-25 to 10 cm) considered. 
For ice particles, on the other hand, both back-scatter and attenuation vary over 
only narrow ranges. The difference in the behaviour of water and ice arises from the 
way in which the refractive index affects the geometric form factors P and P’ in 
eqs. (2) and (3). The P’s are multiplied by [(m’)* — 1] which, for water, has a real 
part of about 82-1. For ice, the corresponding factor is only 2-06. Also, since m’ 
for ice is independent of wavelength, ice curves at all wavelengths are identical. 
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It is also possible to draw conclusions regarding the behaviour of snow. If 
snow is regarded as low-density ice, its effective dielectric constant can be obtained 


from the Lorenz-Lorentz law 
(m?—1) 1 
(m? +2) @ 
where o@ is the ratio of snow density to that of ice*. 


- = constant, (12) 
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Fig. 3. Depolarization ratio (ratio of cross-polarized component of back-scattered energy to parallel- 
polarized component) for randomly oriented water and ice particles. 


Since the density of ice is about 0-9 g cm~%, while that of snow may be as low 
as 0-05, [(m’)? — 1] for snow may amount only to about 0-07, so that the resulting 
shape effect for snow will be practically negligible. For purposes of their electro- 
magnetic behaviour, snow flakes may thus be regarded as spheres. 

* Similarly, styrafoam may be regarded as low-density polystyrene; calculations on the basis of 
eq. (12) of m for styrafoam agree within 7% with the measured value. Also, Yostpa and Kurorwa [7] 


ive an expression 2 
6 P (mZ—1) 1 mj-1 


(mz+U) 9 mi+U’ 


where the subscripts on m symbolize snow and ice, and U is a form number ranging from 4 to 19-6 
depending on the form of the crystal. Even for U = 19-6, m3 is only 4% larger than the value resulting 
from eq. (12) (with @ = 0-05 g/cm). 
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Fig. 3 shows the depolarization ratio (defined here as the ratio of the cross- 
polarized component of the back-scattered intensity to the parallel component, 
1.€. I.[T,) for randomly oriented ice and water particles. The curves show that for 
comparable deformations, prolates depolarize more strongly than oblates. Ice, in 
both cases, depolarizes only a very small and generally probably undetectable frac- 
tion of the returned radiation. In the case of low-density ice or snow, practically 
no depolarization is to be expected. 

The case of horizontally oriented oblate spheroids (figure axes vertical) is illus- 
trated by Figs. 4 and 5. In Fig. 4 we have plotted as ordinate the parallel-polarized 
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Fig. 4. Parallel-polarized component of intensity back-scattered from oriented water oblates 
(relative to back-scatter from equivolumic spheres) as function of the angle of declination of the 
beam from the zenith. The horizontal lines refer to a horizontally polarized (B = 0°) antenna, 
the other curves (B = 90°) to a vertically polarized antenna. 


back-scattered component of intensity, normalized relative to a sphere of the same 
volume. The abscissa is 6, the angle of declination of the axis of the beam from the 
zenith. Curves are shown for various axis/diameter ratios. The curved lines re- 
present the case of vertical polarization (f = 90°), while the dashed horizontal 
lines designate the case for a horizontally polarized antenna (f = 0°). It is evident 
that when the antenna is pointing vertically, the polarization of the beam has no 
effect. In either case, one diameter of the oblate spheroid is parallel to the incident 
electric vector. The strongest dipole moment is then excited in each of the particles. 
As the vertically polarized beam is tilted towards the horizon, until, at horizontal 
incidence, the electric vector is parallel to the short figure axis, the smallest dipole 
moment only is excited. With a horizontally polarized beam, the electric vector is 
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always parallel to one large diameter, and hence, the largest dipole moment is 
excited for all values of 6. The back-scattered intensity, therefore, remains constant. 

The corresponding curves for ice oblates are very similar, except that J* varies 
over a much narrower range (0°38 to 2-1) as 6 increases from 0 to 90°. This is borne 
out in Fig. 5, where J” is plotted for oriented oblate (figure axes vertical) and also 
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Fig. 5. Parallel-polarized component of back-scattered intensity from oriented particles (relative 
to back-scatter from equivolumic spheres) for the two extreme cases of vertically (6 = 0°) and 
horizontally (6 = 90°) pointing, vertically polarized antennas. 


for prolate (figure axes horizontal) water, ice, and low-density snow particles, as 
functions of the axis/diameter ratio. Results are plotted for the two extreme values 
of 6 i.e. for a vertically and horizontally pointing radar, and for B = 90°. 

This graph shows again that the shape of snow can in most cases be neglected. 
Ice particles display appreciable shape efects only when having a preferred orien- 
tation, while extreme effects are possible when the particles are coated by a film 
of water, and thus, scatter and attenuate almost like water particles. 

These results have some interesting implications: (1) they provide a possible 
explanation of the relatively rapid disappearance of echoes from snow (of high 
density) as a vertically polarized antenna is tilted towards the horizon. (2) If there 
is no such regular variation in signal intensity with declination, one may conclude 
that either the particles are spherical, or they are randomly oriented, or they are 
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low-density snow. (3) Horizontal polarization is superior to vertical polarization 
for the detection of ice clouds and precipitation at great ranges. (4) It is also evident 
that these results affect the nature of the ‘bright band” reflections which are 
associated with particles falling through the melting zone. This will be discussed 
in more detail below. 

It is worth noting that in the case of horizontal oblates (figure axes vertical) 
the plane of polarization of the beam is always transverse to one of the long particle 
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diameters; hence, the orthogonal component of the dipole moment is not excited, 
and hence, these particles display no cross-polarization. The absence of cross- 
polarization thus indicates that the particles are either horizontal oblates or 
spheres, or low-density snow. 

The behaviour of prolate particles with horizontal figure axes is very similar 
to that of oriented oblates, except that they do give rise to cross-polarization. The 
right side of Fig.5 shows the sensitivity of the scattering from prolates to the angle 
of declination. 

The cross-polarization produced by the oriented prolates is shown in Fig.6. The 
effect for water particles with their pronounced maxima should be easily observable, 
while with present radar systems the cross-polarization from ice particles would 
probably be difficult to detect. 
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APPLICATION TO THE THEORY OF THE BRIGHT BAND 


It is generally accepted that the ‘ brigth band” or level of characteristically intense 
echoes is associated with the layer in which the precipitation particles undergo 
a phase transition. Furthermore, it is generally believed that three specific pheno- 
mena are almost wholly responsible for the typical “‘bright band”’. These are (1) 
the increase of refractive index upon melting, (2) the increase in fall velocity upon 
attaining spherical shape and (3) coalescence. The peak of the “bright band”’ is 
said to occur at the level where the particles have attained the high scattering 
properties of water drops but have not yet attained their velocity, thus leaving 
a stratum of highly concentrated highly reflecting particles. The effect of coalescence, 
although a physical probability, is difficult to estimate quantitatively. This effect 
is generally invoked to account for the large increase in echo intensity at the peak 
of the bright band relative to that of the snow above. It is also used to explain 
deviations from the normal type of band. 

We should like to suggest that the effect of scattering from shaped particles 
with or without orientation is an important factor in explaining the nature of the 
“bright band’’. Austin and Bemis [8] suggested this possibility and were aware 
of the increased scattering to be expected from flattened particles under favourable 
orientation. Indeed, they also suggested the use of two radars whose beams are 
polarized in different directions as a means of observing these effects. Unfortunately, 
the failure to give prominent consideration to this phenomenon in their paper has 
left the impression that it is not important. 


However, under certain circumstances, the shape effect may be the dominant one. 
Consider, for example, an array of snowflakes (density 0-05) which can be represented 
by ellipsoidal particles. As has already been noted, according to Gans’ theory, 
a low density snowflake of any shape scatters almost exactly as a sphere of the same 
volume regardless of its orientation. Thus, shape has little effect on the signal 
intensity received from above the freezing level (provided the particles are of small 
density). However, as the precipitation elements fall and melt, the resulting water 
either fills some of the air spaces or forms a thin shell around the snow. We have 
already noted that a water coated ice particle scatters very much as if it were 
composed completely of water (KERKER, LANGLEBEN and GUNN [1]). It is quite 
likely, therefore, that at some time before melting is completed, the hydrometeors 
display the scattering characteristics of ellipsoidal water particles. These, we have 
shown, can scatter either more or less intensely than spherical water particles of 
the same volume depending on the state of orientation relative to the plane of 
polarization. When favourably oriented, oblate water particles of axial ratio 0-1 
may scatter as much as 18 times as intensely as equal spheres, and only 1/6th as 
much when unfavourably oriented. For horizontally oriented particles, favourable 
conditions occur when they are viewed from below; unfavourable, when viewed 
from the side with vertically polarized radiation. Thus, a vertically pointed beam 
will observe a signal 18 times as strong as that from a water sphere or 90 times 
that from pure snow as it becomes water coated. When melting is completed, the 
collapse to a spherical shape drops the signal by a factor of 18, while, the increase 
in velocity constitutes a drop of 4 or 5, resulting in a reduction of signal of between 
70 and 90 to 1. On the other hand, a horizontally directed, vertically polarized beam 
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would actually detect a decrease in reflectivity by 5/6 as the snow became wet and 
an approximately equal increase on the completion of melting. 

The case illustrated above is a rather extreme one, but it demonstrates the 
reasonableness of the shape effect in explaining the large ratios of reflectivity which 
have been observed from time to time at the peak of the ‘“‘bright band”’ relative 
to that below it, as well as to that above it. Values of 10 and 20 to 1 for the former, 
and as much as 100 to 1 for the latter ratio can be explained in no other way. Indeed, 
the shape effect would seem to provide a reasonable explanation for the more 
striking appearance of the “bright band’”’ on the scopes of vertically pointing radars, 
as opposed to that observed by radars which nod in a vertical plane from about 
0 to 30° above the horizon. SwINGLeE [9] has observed “bright band”’ echoes at 
a wavelength of 10cm with a vertically pointing beam when no echoes were de- 
tected from the rain below, despite the advantage of closer range. 

The suggestion that the ratios of reflectivity of the “bright band”’ to that above 
and below it are functions of antenna elevation angle and direction of polarization 
(when the particles have a preferred orientation) is an enticing one to the experi- 
mentalist. It provides a means of determining the importance of the shape effect 
in scattering from atmospheric hydrometeors in general, and in the theory of the 
“bright band”’ in particular. 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs) and LERWICK (Le) 


November 1952 


The figures given below represent the K-indices for three-hour intervals, beginning with 
00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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RESEARCH NOTES 





Ionospheric storms and the geomagnetic anomaly in the F, layer 


1. In our studies of the world morphology of ionospheric storms we have used various methods 
of identifying and illustrating the abnormal manifestations of F, Layer critical frequencies 
associated with them [1], [2], [3]. In view of the marked diurnal control of such storm phe- 
nomena already identified in our work we have drawn diurnal curves of the ratio, D(fF,)/Q (/F,). 
of the hourly values of fF, on the magnetically disturbed and magnetically quiet days of 
any month for any given station. We have also examined the courses of many individual 
ionospheric storms in different parts of the world by plotting the hourly values of the ratio 
{F,/fF,, where fF, represents the storm value at any hour and /{F, represents the monthly 
median or mean for that particular hour. We count both methods of displaying the experimental 
results to have value. The first method gives us average phenomena, with a general emphasis 
on the weaker storms (since there are not usually five large storms a month), while the second 
method gives us actual events in individual storms. We report below on certain aspects of 
our work. 

2. (a) In Fig. 1 is plotted a D(fF,)/Q({F,) curve for winter at Wakkanai (Geog. Lat. 
45-4°N; Geomag. Lat. 35-4°N; Geog. Long. 141-:7° E). The curves for other seasons are 
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Fig. 1. Curve showing diurnal course of D(fF,)/Q({F,) at Wakkanai 
(Nov., Dec., Jan. and Feb., 1949-50). 









































similar in shape though the actual ratios are smaller as we proceed from local winter to local 
summer. This curve can be regarded as representative of weak magnetic and ionospheric 
storm activity for temperate latitudes, and can be used to illustrate also the actual events in 
individual storms at sites where intense storms are rare. For example, if we examine individual 
storms in say Japan, or at Watheroo in Australia, we see an immediate connection with the 
results exhibited in Fig. 1. If a magnetic disturbance at such a site starts near midnight hours 
there will be an immediate fall in fF, (negative phase) the next day. On the other hand, if 
the storm starts during the period 0800 to 1300 hr local time there will probably follow a positive 
phase which will be succeeded by a negative phase the following day. We therefore see how 
a negative phase can occur on different dates at points of different longitude, depending on 
the time of onset of the magnetic disturbance. To this extent also we can say that the negative 
phase often follows the sun. 

(b) In higher geomagnetic latitudes there is often a difference between actual and average 
sequences of events. At Slough and Washington, for example, actual events can be reconciled 
with Fig. 1 only in the case of the small storms. In the larger storms the plunge to negative 
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values of /F,//F, often takes place more quickly after the magnetic storm onset. For example, 
with a sudden commencement magnetic disturbance starting near noon, the negative phase 
may start at 1800 hr the same day, albeit preceded by a short positive phase. There is not 
the delay till next day characteristic of slightly lower magnetic latitudes. 

(c) Our general study of storm phenomena, and particularly our conclusion that ionos- 
pheric storm manifestation at Slough has many of the characteristics of exaggerated summer 
conditions, has led us to examine afresh the relatively old problem of the geomagnetic dis- 
tortion of the F, Layer. To this end we have compared pairs of stations of the same geographical 
latitude (and therefore identical solar influence so far as incident ionising radiation, times 
of sunrise and sunset, etc.) but of widely different geomagnetic latitude. For this purpose we 
have chosen to compare the values of fF, for Ottawa (Geog. Lat. 45-4° N ; Geomag. Lat. 56-8° N: 
Geog. Long. 75:7° W) and Wakkanai; and in Fig. 2 is shown the diurnal trend of the ratio 
of the hourly values of critical frequency of these two statins for a northern winter day. We 
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Fig. 2. Curve showing diurnal course of the hourly ratios, O(f F)/W (fF), 
of fF, values at Ottawa and Wakkanai (Nov., Dec., Jan. and Feb., 1951). 


may designate the plotted quantities as O(fF,)/W(fF,) where O and W stand for Ottawa and 
Wakkanai respectively. A striking similarity between Fig. 1 and 2 is apparent. 

It thus appears that the geomagnetic distortion anomaly in the F, Layer is such as to 
cause a minimum of critical frequency in the forenoon and a maximum of the same quantity 
in the afternoon. It also appears that in a weak ionospheric storm, for the particular range 
of latitude selected, the general effect is to exaggerate the geomagnetic distortion anomaly 
already present which is especially the case in local summer. 

We have made similar comparisons of ionospheric storm phenomena and the trend of the 
geomagnetic distortion anomaly at other latitudes, high and low, but the description of the 
results would take up too much space to be included here. 

(d) We do, however, wish to draw attention to the special case of Huancayo which is 
situated extremely near the geomagnetic equator. Here we have attempted to find in what 
features the F, Layer departs from a simple Chapman region under non-storm conditions. 
For this purpose we have employed the comparison method outlined above using, for this 
purpose, the results of Huancayo together with those of stations of the same southern latitude 
at all seasons and those stations of the same numerical northern latitude at the equinoxes. 
The result has been to identify the principal Huaneayo anomaly as the abnormal maintenance 
of high fF, values after sunset. (It is true that, at Huancayo, there is a small mid-day depression 
of the critical frequency of the F, Layer, but this seems not to be the major anomaly at that 
station.) Now, during an ionospheric storm at Huancayo, the major tendency is for pre-sun- 
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rise values of fF, to be increased. Our work, therefore, provides no support for MARTYN’S 
general statement [4] that, during an ionospheric storm, the Huancayo anomalies in the 
F, Layer are removed so that the layer behaves more like a simple Chapman region. 

The work briefly described above has been carried out as part of the programme of the 
Radio Research Board; and this communication is published by permission of the Director of 
Radio Research of the Department of Scientific and Industrial Research. 

Ist February, 1953. EDWARD V. APPLETON. 
W. Roy Pracorr. 
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Note on the longitude effect in the F-region 
(Comments on a recent paper by C. M. Minnis) 


I should like to draw attention to a second note on the longitude effect in the F-region which 
I published in 1951 [1] and which appears to have been overlooked by Mr. Minnis in his 
recent paper on this subject [2]. This note contains two points of importance: 
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World map with isoclines and proposed zones. 


1. A proposal to divide the earth’s surface into two new principal zones E and W (see 
Figure) in which the lines of equal magnetic dip, i, are approximately parallel to the lines 
of equal geographic latitude, gy, separated by two new intermediate zones. These principal 
zones are almost identical with the zones F and A in Fig. 2 of Minnis’ paper. 

2. A proposal to interpolate across the two intermediate zones. 

It is preferable to interpolate along the isoclines rather than along lines of latitude (c. f. 
Minnis’ Fig. 1). In practice, I prefer to interpolate along lines for which sin i/cos ¢ is constant. 
These curves approximate to the isoclines in equatorial regions but are more closely allied 
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to the geographical latitude in polar regions. By these means it is possible to improve the 
representation of the F, region in the intermediate zones where, otherwise, it is unsatisfactory. 

It should be noted that zones of constant propagation conditions are only essential when 
graphical methods of solving MUF problems are used. There are no difficulties in applying 
interpolation methods, with a numerical system, such as that developed at S.P.I.M. [3], 
especially when the caleulations are done by machine methods [4]. 

The best empirical solution is undoubtedly the use of a set of U.T. charts provided that 
there are sufficient numerical values available to construct them accurately. After a detailed 
examination, in 1950, we came to the conclusion that insufficient data was available to justify 
the use of these charts. In fact, the construction of these charts by purely empirical methods 
requires much more information than either the standard zonal charts or our methods. One 
cannot construct a chart from only 80 irregularly dispersed values without introducing some 
rules such as our interpolation rule. We think that the small number of existing sounding 
stations, their non-uniform distribution and the differing reliability of their data precludes 
the use of any purely empirical method. We are convinced that interpolation rules based on 
theoretical considerations are essential. 

Thus we feel, that a combination of a great number of empirical data with a suitable theory 
should be the best practical solution for the next years. With the increased number of stations 
one could now preceed (1952 53) to divide the E-zone into two new principal zones. We then 
had three principal zones: America, Europe-Africa and Far East. 

At the moment it is difficult even to establish sound theoretical methods of analysis. 
There are, for example, very few stations placed suitably to determine the variation of f)F, 
with magnetic dip and latitude and the lack of oceanic stations prevents any direct test of 
interpolation rules in the J zones. I have always felt that the position of the J zones in pre- 
dominantly oceanic regions has some physical significance. 

Service de Prévision Ionosphérique Militaire, Freiburg i. Br. K. Rawer. 
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The longitude effect in F,-region 


The need for a set of arbitrarily defined zones in F,-region arises from the requirements of the 
graphical method which most communications organizations use in the solution of MUF 
problems. I was already aware of Dr. RAWER’s suggestion and, if the use of the existing method 
is to be retained, it would have advantages over the present crude device of defining an inter- 
mediate zone, particularly where mechanical methods have been adopted as in S.P.I.M. 

However, the existing technique is very firmly established for routine production of MUFs 
and it will not be easy to introduce any modifications which give a small increase in accuracy 
at the cost of an increase in the amount of effort required. If a major change in technique 
is eventually accepted it would, therefore, probably be advisable to take the opportunity of 
adopting some alternative method which completely avoids the need for zones and the errors 
associated with their use. ; 

Dr. RawER has misunderstood my reference to U.T. charts: it is not suggested that they 
could be drawn directly using only experimental values of fF, obtained from the existing 
network of observatories. It is possible, however, to plot the observed data for a constant 
L.M.T. on a latitude/longitude graticule and then to superpose smooth contours of constant 
/F,; since the diurnal change in /F, does not appear on an L.M.T. chart, the interpolation is 
fairly simple. From a set of contour charts of this kind, any number of points can then be 
read off to permit the construction of the U.T. charts. 

This technique is used at Slough for the production of the normal type of chart used in 
F,-region forecasts and its application to the construction of U.T. charts would present no 
fundamental difficulty. 

Radio Research Station, Ditton Park, Slough, Bucks. C. M. MINNIS. 
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The mean vertical ozone distribution resulting from the photochemical 
equilibrium, turbulence and currents of air 
Hans-KaArRL PAkETZOLD 
Max Planck-Institut fiir Physik der Stratosphire in WeiBenau 
(Received 11 November 1952) 
ABSTRACT 


The shape of the observed mean ozone distribution at various laticudes is explained by a combination 
of photochemical formation and destruction of the ozone, with turbulence and currents of air. Above 
25 km the mean ozone distribution is principally determined by the photochemical equilibrium; below 
this height, turbulent exchange and air currents are of great importance. 


The vertical distribution of atmospheric ozone depends on (1) the photochemical 
formation of ozone, (2) the destruction of ozone by light, (3) the destruction of 
ozone by oxidizable substances, (4) the mixing by turbulence of air having different 
concentrations of ozone, and (5) on vertical and horizontal currents in the atmo- 
sphere. If the concentration of ozone is plotted as a function of height, the 
shape of this curve, as may be imagined, is subject to strong variations, and 
many measurements are necessary to separate the different effective factors. 
During the last few years, balloon ascents with quartz spectrographs have been 
carried out at Albuquerque [1] and at WeiBenau [2]. Still more recently, we have 
succeeded in using eclipses of the moon [3], [4], [5], [6] for determining the distri- 
bution of ozone, both in equatorial and polar regions. It is therefore worth while 
to examine how differences with latitude and season, in the mean vertical distri- 
bution, may be brought about. 

The researches of CHAPMAN [7], MECKE [8], WULF and DEMING [9], showed 
that photochemical considerations must form the basis of the explanation of the 
main features of ozone distribution; and ScHROER [10] and DitscH [11] have 
tried to calculate the distribution quite exactly, on this basis. The primary and 
secondary reactions of ozone formation and destruction are very numerous, and 
the photochemical theory depends on several factors whose numerical values are 
not yet known sufficiently accurately. Therefore, we have calculated the ozone 
distribution resulting from the photochemical equilibrium with various assumptions. 

The concentration of ozone ¢(h) at the height h can be represented by the simple 
formula: 


ou ay /K, Q 44, abs (h) (em O; 
e(h) = Co, | N,o| Ky 2 tz, abs (h) (- cm 


iy, aps (h) = 2-3 fT (A,h) ao, (A, p) da 
te, aps (h) = 23ST (A, h) ao, (A) dA 


Co, = Volume concentration of oxygen 
N,, = Loscumipt’s number 
K,, K, = coefficients of the secondary reactions in which ozone is formed and 
destroyed 
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Y1;P2 = quantum yield 
1(4, h) = spectral intensity of sunlight at the height h 
o = density of air 
p = pressure of air 
ao. (A, p) = spectral coefficient of oxygen absorption at the pressure p 
ao, = spectral coefficient of ozone absorption 


cm O,/em = concentration of ozone by volume; it is convenient to think of the 
fraction of pure ozone in a layer of air 1 cm thick. 


The most important uncertainties are caused by the factors of the term 7, 4; () 
which represents the intensity of absorbed ‘‘ozonizing” sunlight. Below 35 km, 
however, only light of wave-length 
near 2100 A has to be considered, i.c. 
the ozoneoxygen window of the atmo- 
sphere. Data from American rocket 
ascents have shown that the intensity 
I (2100) of solar radiation of 2100A 
amounts to 5-10 % of the intensity J », 
(2100) of black body at 6000°K [12]. 
The coefficient of oxygen absorption 
at this wavelength, and particularly 
its dependence on pressure are not 
yet adequately known. According to 
early measurements by HEILPERN [13] 
ao,(A, p) ~ p?**, whereas his latest 
investigations [14] show a, (A, p) ~ p, 
for p< 0-1 atmosphere. The present 
calculation has been based on two 
possible assumed values of this factor, 
and two values of J, 2100, as in the 
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Table 1. Photochemical assumptions. 
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Fig. 1. The photochemical ozone distribution. The ud ap bt id 
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following schedule Table 1. The dependence of « on pressure was assumed some- 
what weaker than in the first measurement by HEILPERN [13], because this gave 
a better agreement with the observed ozone distributions. 

The ozone distributions resulting from these assumptions are shown in Fig. 1, 
in which the temperatures found in the American rocket ascents were used [15]. 
It is notable that the height of the ozone maximum is close to the observed value of 
23 km, for each of the four assumptions. Therefore, the height of the ozone maxi- 
mum is not a suitable criterion to decide between the four assumptions, contrary 
to the suggestions of other authors. The height of ozone maximum is determined 


126 





The mean vertical ozone distribution resulting from the photochemical equilibrium 


only, according to our calculations, by the way in which the density of the air 
increases and the intensity of ozone forming light decreases as the height decreases. 
A second conclusion from Fig.1 is that ozone can not be formed photochemically 
below 10-15 km. 

The intensity of the absorbed ozonizing light 7, 4, (4), under the four different 
assumptions, is given in Fig.2. Both the absorbed ozonizing light and the intensity 
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Fig. 2. The intensity of ozonizing light @, | aps (h). Specifications as in Fig. 1. 


of light I (2100, h) show a very different rate of decrease below 35 km according 
to which of the two assumptions of the oxygen absorption is used. Therefore there 
is a possibility of deciding the most likely dependence of x on p, if we can measure 
with sufficient accuracy the depen- 
dence of J, (2100, h) on altitude. ! 

Unlike the height of the ozone ee Assumption 
maximum, the total ozone amount a aa | oo Ul IV 
(em O,) strongly depends on the 
photochemical assumption and also 0° 0-46 0-44 0-33 0°57 
on the distance of the sun from the 45° 0-30 0-29 0-22 0-37 
zenith, as shown in the following 70° 0-15 0-12 0-09 0-19 
schedule Table 2. 

According to Table 2, the highest amount of ozone should always be observed 
at the equator, which is contrary to experience. We are driven to suppose that 
the difference between theory and experience is caused by the secondary influence 
of currents and turbulence in the atmosphere. For this reason the total ozone amount 


Table 2. The total ozone amount (em OQ) 
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fails, too, as a criterion for the photochemical theory, so that the shape itself of 


the measured ozone distributions must be taken into account. 
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Ozone content &(h) ——e 
Fig. 3a and b. The observe dmean ozone distribution (eclipses of the moon) [3], [5], [6]. @ at lat- 
itude 60°, in spring; b at latitude 0°. The curve 1, continued by 1a, gives the ozone content without 
the second lower ozone maximum, which is shown by the full curve 1-16. Curve 2 represents the 
amount of the lower ozone transported probably from polar regions. The curves I, II, III give 
for comparison the calculated photochemical distribution according to the assumptions I, IT, III 
in Table 1. 
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Ozone content €(h) ——> 
Fig.4a and b. The observed mean ozone distribution (balloon ascents and Umkehreffekt). a spring 
at 36°N (Albuquerque [1]) and at 48° N (WeiBenau [2], [16], [17]); 6 summer, at 48°N 
(WeiBenau, Stuttgart, specifications of the curves as in Fig. 3 [2], [17], [18]). 


The measured distribution of ozone varies about as much, in time, as the calcu- 
lated curves of Fig.1. Though turbulence and air currents must affect considerably 
the ozone concentration in the lower atmosphere, they are not likely to have much 


128 





The mean vertical ozone distribution resulting from the photochemical equilibrium 


effect above 25 km. Therefore, we have compared assumptions I-IV with the mean 
ozone distribution above 25 km resulting from balloon ascents, eclipses of the moon 
and the ‘‘Umkehreffekt”’ [14], [16]. 

This mean ozone distribution observed at latitudes 0°, 45°, 60° and 68° is given 
in Figs.3, 4, 5, according to which two types of curves must be distinguished: one 
type with the wellknown simple maximum 40 
at 23-25 km (curve 1 above, la below), the 
other with a second lower maximum at 16 km 
(curves 1, 1b). Let us look at the simple 
type first. For comparison the curves I, II, II 
give the calculated ozone distribution for the 
first three photochemical assumptions of 
Table 1. Evidently assumption I and the 
mean observed distribution correspond well 
above an altitude of 23 km. Assumption II 
shows too much ozone above 25 km, and at 
high latitudes the ozone maximum resulting 
from assumption III is too weak. As these 
discrepancies are similar for all latitudes, 
they are less likely to be attributable to air 
currents than to the dependence on pressure 
of one or more of the photochemical factors 
used in the calculation. The ozone distribu- 
tion above 40 km altitude, measured up to 
60km by rocket ascents [20], corresponds 
best to assumption I. Although differences 
still exist, the general photochemical theory 
of the atmospheric ozone layer is proved 
correct by the similar shape of the calcu- 
lated and observed ozone distribution above 
23 km. 

Compared with the distributions of the 
simple type (curve l—1a in Figs.3 and 4) the 
photochemical theory gives a much higher Fig. 5. The observed mean ozone distribution 

(Umkehreffekt) at 68° N (Tromsg [16], 19]). 
ozone content between 10km and the ozone Curve la summer and autumn, curve 1b 
maximum at 23km. This difference, strongest spring. Specifications of the curves as in 
towards the equator, cannot be caused by Fig. 3. 
vertical currents of air, because the atmo- 
sphere must be in vertical equilibrium on the average. It must therefore be supposed 
that the exchange caused by turbulence transports the ozone downwards to the lower 
atmosphere and to the surface of the earth where it gets destroyed by oxidizable 
substances [21]. Having regard to the fluctuations in the ozone distribution the 
exchange may, even to an altitude of 30 km, at times be more intensive than was 
previously assumed [22], [18]. That is why the mean ozone distribution, resulting 
from averaging the individual distributions, was used. This effect turbulent air 
of exchange on ozone distribution must be greatest at the equator where the 
troposphere reaches an altitude of 18km. In view of the results in the last 
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paragraph, it seems probable that both factors, photochemical formation and 
exchange, are so well balanced, that the total ozone, in the upper ozone layer with 
the maximum at 23km, amounts to nearly 0-2cm O, at all latitudes except 
perhaps the extreme polar regions. 

The distributions which show a second, lower ozone maximum cannot be ex- 
plained in any way by the photochemical theory, but they must at any rate be 
discussed. The amount of this lower ozone (curve 2) is given by the difference be- 
tween the curves la and 1b. According 
to Fig.4, the lower ozone is specially pro- 
nounced in spring, descreasing in summer. 
Moreover, it increases with the latitude, 
and seems to be absent in the equatorial 
region (Fig. 3). German balloon ascents 
have shown that the second lower ozone 
maximum appears if the air between 11 
and 16 km height has been transported from 
the polar regions [18], and Moser [23] 
found that, in the same circumstances, the 
total ozone amount, measured with the 
Dobson spectrometer, is particularly large. 
There are good reasons to believe that, as 
the polar night ends in spring, these is a 
pronounced horizontal gradient of tem- 
perature above 35km, and ozone is trans- 
ported from these heights—where it will 
be photochemically restored with sufficient 

rapidity—down to photochemically pro- 

901 002 003 tected regions where it is accumulated [10], 

Ozone content &(h) —> m [23], (curve 1b, Fig.5). If arctic air masses 

Kig.6. The shape of ozone distribution and Jose altitude as they move to lower lat- 

the total ozone amount v. The curves give four itudes, the ozone accumulated at the poles 

aot) [SL 6), 1 269 1931 an-¢26cn0,, Will be driven below the upper ozone 

2 14.9. 1932 2 = 0-25cm O,; 3 2.3. 1942 layer. In summer, the lower ozone will 

x=(02lemO,; £ 15. 8.1943 x=0-20cem0,. gradually be exhausted, as is demonstrated 
in Fig. 4. 

This transporting of polar ozone may perhaps partly explain the increase of the 
mean total ozone amount during spring, and the particularly large amounts near 
latitude 60°. However, for these phenomena other causes, too, must be considered, 
namely turbulent exchange and vertical currents of air. For we know that the total 
ozone amount varies where there is no intrusion of polar ozone and when no second 
lower maximum can be observed. Generally the ozone distributions with a sharp 
maximum show a smal er total amount (0-2 em O,) than those with a broad, shallow 
maximum (0:26 cm Q,). This effect is well demonstrated by the four equatorial 
distributions in Fig.6, by the method using eclipses of the moon [4], [6]. It is 
true that the ozone amount must increase if ozone is transported downward by 
temporary vertical air currents, and vice versa. But individual observations of ozone 
distribution seem to be inadequate for a quantitative examination of these matters. 
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The mean vertical ozone distribution resulting from the photochemical equilibrium 


Summing up, it seems to be very satisfactory that the mean ozone distribution, 
which we have chosen for discussion, can be explained consistently by a combination 
of the photochemical theory, turbulent exchange and a special horizontal transport 


of ozone. 
More details of the results here briefly communicated will be published in “‘Zeit- 


schrift fiir Naturforschung”’. 
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ABSTRACT 

In connection with a publication by V. F. Hess and R. P. Vancour different instances are quoted of 
measurements of condensation nuclei over the ocean. Numerical results are given of investigations of 
balance of ions and ionization by cosmic radiation at sea level. The point is made that the number of 
ions per ce permanently present in the atmosphere cannot serve as a basis for the calculation of the 


balance, and two new methods are described. 


In an article on the ionization balance V.F. Hess and R.P.Vancour [1] 
observed that no countings were available of condensation nuclei over the ocean. 
This observation was repeated in the thesis for the doctorate of Miss DoNELLY [2]. 

During a voyage to the Indies which was undertaken for our laboratory with the 
main object of investigating cosmic radiation, the number of charged and of un- 
charged condensation nuclei was measured daily [3]. The number of fast (small) 
ions was also determined down to a limiting mobility of 1-1 em?/v sec, giving a result 
of 213/ec. The reason for the great disparity between our results and those of the 
Carnegie expedition which had found 500 fast ions/ec, was that they took a much 
lower limiting mobility. 

Our measurements of nuclei were made in order to strike the ionization balance 
on the ocean. This balance cannot be checked if the sum total of ions/cc present 
in the atmosphere is to be taken as the basic value, because this sum total can 
never be ascertained with sufficient reliability. The ions of lowest mobility are for 
the greater part not of recent production and their number no longer depends on 
the sources of ionization alone. Moreover, it is impossible to capture right up to the 
last one, therefore the spectrum has to be cut off at a certain limiting mobility, which 
is completely arbitrary and leaves part of the slowest ions out of count. 

A long series of measurements at Bandoeng (Geog. lat. 10° S) showed that only 
when the lower limiting mobility of the ions is taken very high, and a weak electric 
field is applied in the aspirator, will the resulting value of the conductivity agree 
with that obtained from measurements on the ionic spectrum in the atmosphere. In 
the same location condensation nuclei and fast and slow (large) ions were simultan- 
eously measured. The results are plotted against the time in Fig. 1, showing that in the 
course of the day the number of slow ions changes in correlation with the number of 
condensation nuclei. At Bandoeng with the increase of temperature the moisture 
diminishes and, consequently, the number of condensation nuclei, which may account 
for the minimum during the day-time. The minimum during the night is unexplained. 

In his calculation for the balance on Helgoland, HEss borrowed the value of 
500 fast ions/ec in the atmosphere from the Carnegie expedition. However, this 
value lies far above that for the newly-produced ions, as observed by us. The 


132 





Ions and condensation nuclei in the atmosphere, balance of ions and value of cosmic radiation at sea level 


ocean experiments 1933-1934 gave for fast ions 213/ec, limiting mobility being 
K = 1-1 em?/v sec. 

The only balance worth striking is that between the ions (down to a well-defined 
limiting mobility which are produced and which disappear in a definite, very short, 
period, and the ions measured by conductivity measurements by the aspiration 
method with the same limiting mobility, thus eliminating the influence of the latter. 
The number of ions produced by the diverse sources of ionization and disappearing 
by recombination must be investigated separately and, unless some unknown source 
of ionization should have been overlooked, their number should correspond with 
that found by conductivity measurements. The earth radiation above the ocean 
being negligible and the influence of the surroundings having been shielded off, the 
sources of production on the open sea are limited to cosmic radiation, with the 
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Fig. 1. The variation of the number of fast ions (lichte ionen) Langevin ions and condensation 
nuclei (kernen) in Bandoeng (Geog. lat. 10° S). 


exception that, incidentally, a small quantity of ions will be produced on the surface 
of the sea by Lenard effect. As soon as it rains, however, this quantity will be 
multiplied by ten. The situation on the open sea is much less complicated than that 
in which Hess experimented on Helgoland. Table 1 contains the total number of 
condensation nuclei, V (charged + uncharged), the number of uncharged, .V,, and 
that of charged, .V.. Table 2 gives the number of the ions determined by conducti- 
vity and ionization measurements. The number of ions due to cosmic radiation was 
recorded with four separate arrangements and was found to be 1-66 ions/ce sec at 
52° Geog. lat. at sea level. 

From data collected during the expedition to the Indies, the mean lifetime of 
the ions was calculated on the assumption that SCHWEIDLER’s formula for the 
recombination is valid, which in this case was allowable, as the total of the nuclei 
and slow ions exceeds by far the number of fast ions. Table 3 shows the mean life- 
time of ions as derived from the half-value H in the recombination vessel according 
to SCHWEIDLER and his recombination relation ¢#=n, in which the factor q was 
borrowed from the value for the cosmic radiation during the same expedition. This 
is evidently the most direct as well as the simplest method of investigating the 
ionization balance. Besides, the underlying value is here defined better than the 
total number of fast ions present in the atmosphere can ever be. The spectrum of 
mobility of ions is always unstable, as appeared from an investigation in the aspirator 
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with diverse limiting mobilities. The conductivity on the open sea was simultane- 
ously determined by aspiration and by recombination method. By the latter the 
number of ions can be determined from the half-value voltage H, which gives the 
current equal to exactly half the saturation current, in which situation the number 
of disappearing ions equals half the number of ions newly produced per time-unit 
during the measurement. Thus the conductivity measurements can be used to 
determine the number of ions produced by the different sources of ionization in the 
atmosphere. A mean value on the ocean was arrived at of 2-05 ions. Cosmic radi- 
ation measurements in 4 separate instances gave a value of 1-66 ions for the Geog. 
lat. of Amsterdam, which agrees fairly well. The value thus found is probably too 
high, owing to the fact that H increases when the air in the recombination vessel 
gets stale. This will be returned to later on. 

In Table 2 the values for q are given, resulting from the conductivity measure- 
ments at different places in the course of the voyage. Y is the density of negative 
fast ions found by aspirator measurements. 

When the balance of ions was afterwards struck in Amsterdam, cosmic radiation 
was carefully determined in various vessels, regard being paid every time to the 
effect of the wall of the vessel, as will be set forth below. The gamma radiation of 
the soil was measured in an ionization chamber in two situations, one on the bare 
ground and one shielded on every side by 10 cm Pb from all radiation of soil and 
surroundings. The most difficult task was the determination of the ionization due 
to the x-radiation of radon in the air [3]. For one thing, although the radio-active 
traces in the air have been collected several times, not the slightest trace of thoron 
was detected. The radon concentration in the air was measured every ten minutes 
for several months by means of the ionization in two vessels of 60 L. Values were 
found between 2:30 and 6-7 I [6]. 

As far as the measuring of conductivity in the aspirator and in the recombination 
vessel was concerned, the same methods were used as on the ocean. Measurements 
were first made in a shed, sheltered against the wind but freely communicating 
with the open air, in the apparatus designed for the experiments made in collabora- 
tion with H. vAN MaRLE, in which the electric current is observed, while simultane- 
ously the aspiration method is used for measurements with different mobility limits. 
The results are given in Table 4. The first column gives the mobility limit A, and 
it is manifest that the disparity in the results of the two methods grows smaller in 
the direction of the higher values of the mobility limit, which means that there are 
always ions with a much greater mobility than the one the apparatus has been tuned 
to. We see from Table 4 that the conductivity is nearly identical in groups VII and 
VIII with the high limits K,=16-9 and 23-4—25-0 em/vsec/em. therefore another 
method has been designed for the determination of the total number of ions pro- 
duced per second per cc. A rectangular cage of wire-netting is constructed with, in 
the middle, parallel to the longest wall, a flat electrode (P in Fig. 2) surrounded by 
a guard ring at the same potential s as the zero voltage of the electrometer. This 
cage is surrounded by a second cage of wire-netting, the distance between the walls 
of the two cages being equal to that between electrode and wall in the inner one, 
so that equal fields of opposite sign can be applied in the inner and the outer cage. 
The influence of the outer field on the conduction in the inner field remains un- 
altered when both fields are varied to the same extent (Fig.4). The electrometer at 
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Table 3 





Half-value| Average 
voltage life Weather 
H in volts im sec 





0-62 79 
0-65 75 
1-21 40 
0-53 93 clear 
0-63 78 
3-22* 15 light rain 
0:76 64 heavy clouds 
0-91 54 clear 
0-60 81 
0-79 66 
0-64 76 
jemi i wt | 0-72 68 Indian Ocean 
| | 0-87 56 
re | 0-71 69 
0-80 
0-63 heavy clouds 
0:77 j heavy clouds 
0-60 | clear 
0-84 
0-71 
0-72 
0-70 
0-74 
0-72 
0-71 
1-00 
0-77 
0-80 
0-74 . | Red Sea 
0-82 
0-76 
0-74 
0-77 
0-68 
0-81 
7-08* | | rain 
1-03 heavy clouds 
0-91 clear 
0-90 5 
1-15 heavy clouds 
0:77 3 clouds 
2-78 * clouds 
1-90 * clouds | Mediterranean 
2-00 * heavy clouds 
dry 
clear 

















clear 
in view of a heavy fog 











= values of H marked with * are not used in the calculation of the average value H = 0-80v. 
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Table 3. (Continued) 





Half-value| Average 
voltage life Weather 
H in volts} in sec 


Hour 
M.T.G. 





Jat «. . 7-46 0-92 
11-20 3°74* 
18-32 3°71* clear 
23-20 0-81 Atlantic Ocean 
cam . . 21-00 0-87 
Jan... 16-00 1-22 clouds 
21-30 0:89 




















The values of H marked with * are not used in the calculation of the average value H = 0-80 v. 


Table 4. Positive polar conductivity 
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0-226 0-314 I 


0-295 0:397 II 
0-354 0-415 Mean value of groups 
0-339 0-403 2 Cond. — 4 Asp. 
0-333 0-524 Akh = 7 Cond - 100 
0-239 0-377 , 

0-269 0-405 % 
0-280 0-310 


0-350 0-401 
0-256 0-316 


0-400 0-505 
0-251 0-302 
0-262 0-309 
0-254 0-297 


0-260 0-276 
0-288 0-288 
0-358 0-430 


0-374 0-432 
0-410 0-431 


0-435 0-450 
0-292 0-308 
0-432 0-438 
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zero value is initially connected with the outer cage and the wall of the inner cage is 
permanently kept at earth potential. The results which can be obtained in this 


way are the following: 


With weak fields in the inner cage a current will originate practically only from 
the fast ions. If these were the only ions present, the values represented by the small 
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rounds would be obtained with an increasing field. With rather strong fields a satu- 
ration value would be reached. In stronger fields, superposed on this current, a cur- 
rent will be found originating in the 
slow and therefore old ions, and as 
a very great number of these latter 
ions are continually brought in by 
the movement of the air (generally 
between 2000 and 20000 per cc/sec), 
this current increases proportionately 
to the field. The compound curve 
of the two currents will represent 
the total. The contribution of the 
slow ions can be found by extrapola- 
tion to the ordinate and this gives 
at the same time the saturation value 
of the fast ions, i.e. the number of 
the particles continuously and collec- 
tively produced by the different 
ionization agents and _ instantly, 
(within 10 sec at the utmost) carried 
off, and which lack time to re- 
Fig. 2. Rectangular ionization vessel of wire-netting combine or to be slackened down 
with a sonde plate connected to electrometer and a ly dst ond setbitees te the obs. 
y dus sture 


guard ring R connected to S at the same potential as 
zero value of electrometer and as the outer cage of Results show that the total number 








wire netting. is about equal to that found with 
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Fig. 3. Ions/ce sec collected for different fields in Fig.4. Variation of number of ions/cc sec collec- 

the cage and for 4 different fields in inner cage. If ted for different fields in inner cage with equal 

fields in inner and outer cage are equal and of fields of opposite sign between outer and inner 

opposite sign, influence of variation of outsidefields cage. If only fast ions were in action S would be 
is very small. the saturation value. 


























the methods mentioned before. Twelve sets of measurements gave: 8-0, 10-5, 10, 
8-5, 9, 9-5, 7-5, 8-0, 9-0, 11-0, 10-0, and 8-9 average 9-1 I. 
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One remark should be added about the number of ions in the atmosphere inde- 
pendent of the presence of our instruments. It is necessary to know this number if 
the method of SCHWEIDLER is used, in which the lifetime of ions plays a réle (n = q 4). 
The difficulty is that nm is practically indefinite, particularly as the number of ions 

'ONS P 


cm sec 
30 Pat 








20 














10 F> 













































































‘ 





40 10 20 30 40 


Fig. 5. Six experiments in the same circumstances as 4. 


made by «-radiation in the field of the earth (+ 2 V/m) is only 30% of the number of 
the ions made in the higher fields used in our apparatus. For f-radiation there is 
also a difference, although a much smaller one, namely 10% found by Cray and 
JONGEN [9]. This difficulty plays no part in either of our methods. 


The balance as struck in Amsterdam was: 


Cosmic radiation 1-66 
Gamma radiation of the soil 1-70 
Radon activity between 2-30 and 6-7 





Total between 5-6 and 10-0 ions/ce sec. 


With the direct method the mean value q is arrived at with a mean deviation 
of + 0-84. 

Attention is drawn to one other point. In a previous article Prof. Hess maintained 
that no account at all had as yet been taken of the secondary effect of the wall. The 
present author has made researches on the subject for 10 years, first with P. M. vAN 
ALPHEN [7] then an extensive investigation alone [8], subsequently with H. F. 
JONGEN [9], in a cylindrical vessel of 4 cm diameter with walls of steel wire netting, 


placed within an iron cylinder of 10 cm diameter in air at pressures of 1-37 atm 
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and fields up to 600 v/em without shielding on top. The ionization in the gas air 

alone was 1-66 ions/cc sec. Afterwards with K. J. OoSTHUIZEN [10] in the same vessel 

in argon 1-58 Ions were found under a shield of 12cm Fe. After 7 more investigations, 

referred to under [11], the most careful study was accomplished by P. H. Cuay [12] 
IONS > with different gases and different 
ail j walls in a vessel of 140 cm3, with 
ad walls of 6cm Fe and of 6 cm silumin 
A and of 0:05mm Al and different 

— gases, also with a vessel of 16L 
‘ with walls of 0-0l1mm Al. From 
these experiments there resulted the 
value of 1-66 in air at one atmo- 
sphere, in perfect agreement with 
earlier measurements in quite dif- 
ferent conditions. Under a shielding 
of 26-5cm Fe the ionization in argon 
is 2-461. The ratio for different gases 
was: argon 1-00, N 0-608, krypton 
2-80, xenon 4-50. In each case the 
influence of the wall has been care- 
fully taken into account. 

After ten years of research the 
conviction obtrudes itself that this 
Lt result, achieved with 9 collaborators, 

| cannot be far from the real value. 
At sea level in Amsterdam the ioni- 
zation by cosmic radiation is 1-66 
ions/cc sec. It may be that the larger 
value of 1-88 found by HEss can be 
credited to some secondary influence. This cannot be the latitude effect, as with 
regard to this effect the value at New York ought to be rather smaller than in 


Amsterdam. 
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Fig. 6. Six experiments in the same circumstances on 
different days. 
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ABSTRACT 
A discussion is given of the general appearance of anomalies in the field of GBR (16 ke/s) during solar 
flares, when observations are made at distances from the transmitter of 400-550 km. It is shown that 
the main effect is due to a sky wave reflected once from the ionosphere varying in phase but not in 
amplitude. An explanation of the size of anomaly found at these distances is given in terms of two 
layers below the FE layer of the ionosphere. The layer which is usually the lower of the two is that nor- 
mally responsible for oblique incidence propagation, and the other is that which is affected by the solar 
radiation during a flare. The timing of the oblique incidence anomaly is also discussed. 

A value of 70 km for the apparent reflection height of the layer responsible for the reflection of 
16 kc/s radio waves at oblique incidence is obtained with the aid of the field strength changes noted during 


these anomalies. 


1. INTRODUCTION 
The ionospheric propagation of radio waves on many frequencies has been found to 
be subject to marked changes when a solar flare is present on the sun’s disc. These 
effects, often referred to under the collective title of a “‘sudden ionospheric disturb- 


ance”? manifest themselves in various ways. For example, there is the sudden 
fade-out on short radio waves [1], [2], and the sudden enhancement of atmospherics 
on frequencies around 30 ke/s [3]; to these may be added the more recent discovery 
by GARDNER [4] and Bowe [5] of the sudden reduction in signal strength of distant 
atmospherics for frequencies less than 10 ke/s. The phenomenon most closely related 
to the subject of the present paper is, however, the sudden phase anomaly (here 
abbreviated to s.p.a.) in the sky wave of very long radio waves reflected near vertical 
incidence on the ionosphere. 

These s.p.a.’s were first reported by BUDDEN and RatTc iFFE [6], and by BUDDEN, 
RATCLIFFE, and WILKES [7]; but the most detailed account of them yet given is 
that by BRACEWELL and STRAKER [8]. The anomaly consists of changes in the phase 
of the sky wave relative to the ground wave, and these can be interpreted as due 
to changes in effective reflection height. In a typical s.p.a. the apparent reflection 
height falls at first through a few kilometres in a time of 5-10 min, and then re- 
covers to normal more slowly—usually in 15-40 min. For any particular anomaly 
this change in height is the same for transmitted frequencies in the range 16 to 
113 ke/s [9]. On 16 ke/s the amplitude of the sky wave is not greatly affected during 
an s.p.a., although there may be a fall to 10% of the normal in a very large anomaly. 
On frequencies of 30 ke/s and above, however, the reduction in the sky wave is much 
more severe [9]. These remarks, of course, apply only to waves incident on the 
ionosphere near the vertical. 

From the work carried out on atmospherics it appears that for waves reflected 
at oblique incidence the reflection coefficient of the ionosphere is reduced during 
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an s.i.d. for frequencies less than 10 ke/s and increased for frequencies greater than 
10 ke/s. A more direct proof of the enhancements of the downcoming sky wave is 
given by observations using long-wave transmitters. These have been demonstrated 
in the case of waves with frequencies near 100 ke/s by WEEKES [10] and near 200ke/s 
by SmitrH-RoseE [11]. 

To investigate the sky wave reflected from the ionosphere at oblique incidence 
in the very long wave band, observations were started towards the end of 1948 at 
Aberdeen and shortly afterwards at Edinburgh on the signals received from the 
16 ke/s transmitter at Rugby. Aberdeen is 535 km from the transmitter and Edin- 
burgh 418 km; the angle of incidence of the waves on the ionosphere is in the range 
68—75 degrees if the reflection height is in the region of 70-80 km. Signal strength 
measurements were made at both receiving points, and in addition at Aberdeen the 
phase of the received signal was measured on a number of occasions. The present 
paper is concerned with the results of these observations during sudden ionospheric 
disturbances. 

2. EXPERIMENTAL METHODS 
2.1. Amplitude and phase measurements 


In order to find the diurnal phase variation of a received r.f. signal, it is necessary 
to have a standard reference signal for comparison purposes. In these experiments 
this was provided by 
means of a land-line con- 


nection from GBR, Rugby 
to Marischal College, 





Aberdeen. The 16 ke/s 
waves were picked up at 
Won a point close to the trans- 
Phasing mitter, divided down in 
increasing frequency to 1 ke/s, and 


Fig. 1. Diagram in the complex plane for the resultant signal ob- sent up the land-line to 

tained by a combination of a constant ground wave and a sky wave Aberdeen. There they 

varying in phase but not in amplitude. were amplified and ap- 

plied to the X plates of 

a cathode ray tube. The amplified r.f. signals from a screened loop aerial were 

applied to the Y plates and a 1@-peak Lissajous figure obtained. Amplitude and 

phase measurements were then made with the aid of this display; the complete 

technique is described by BRACEWELL [12] and Baty, BRACEWELL, STRAKER, and 
WeEstcorTT [13]. 

The usual method of presentation of the results obtained by such an experiment 
is to plot out the phase and amplitude as polar co-ordinates on a vector diagram. 
The diurnal variation in these quantities thus yields a locus in the complex plane. 
With a loop aerial set in the plane of propagation the locus produced by a sky wave 
varying in phase but not in amplitude is shown by the curve in Fig. 1; O is the origin 
of co-ordinates. OQ represents the ground wave, so Q may be referred to as the 
ground wave point. At the time represented by the point R on the locus the sky 
wave is represented by QR and the resultant signal by OR. As time passes the end 
of the sky wave vector will move round the circle. 
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2.2. The measurement of signal strength 

A screened loop aerial was again used for measurements of signal strength without 
phase. For this purpose it was set in the plane of propagation of the radio waves 
being received ; it thus picks up a signal proportional to the ground wave combined 
with twice the normal component of sky wave. The loop was tuned and coupled 
to a straight two-stage receiver by means of a screened transformer. A rectified 
output from the receiver was made to charge up a circuit of long time constant 
(80 sec) connected to the grid of a cathode follower. In this way a steady voltage 
was obtained almost unaffected by the intermittent nature of the Morse signals 
being received; this output was fed to a recorder of the pen or thread type. Alter- 
natively, the amplified r.f. signals could be applied to the plates of a cathode ray 
oscilloscope and their size measured directly. Further details are given by Baty 
et al. [13]. 


€ 


3. NORMAL BEHAVIOUR OF VERY Lona WAVES 

By the techniques described in the preceding section the normal behaviour of waves 
of 16 ke/s received at Aberdeen has been studied. The results of these investigations 
are reported in papers by x 

Bain et al. [13], and by 20 SESS SS 

BRACEWELL and Bain [14], 78 

but a brief summary will be 
given here. 


40 degrees 
T 





km 


It is very convenient in 
dealing with the experimen- 
tal data to speak as if the 
ionospheric reflection took 
place from a mirror-like sur- 
face at a definite height 
above the earth. The prac- <r eee Ses ere 
tice of calling this height fe ei py ew ilk 
the ‘apparent height of re- mene 





Apparent Reflection Height 
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4 2 Fig. 2. Diurnal variation in apparent reflection height for the 
flection” will be adopted levels reflecting very long waves at vertical incidence (Da) and 
at oblique incidence (Df). The curves are drawn for a day in 
mid-August. The vertical lines (1) and (2) represent the changes 
in reflection height at vertical incidence during two s.p.a.s of 


here, following the usage 
of BRACEWELL, BUDDEN, 
RATCLIFFE, STRAKER, and 


equal size. 


WEEKES. 

The variation of apparent reflection height for the once reflected wave at Aber- 
deen throughout the day is shown approximately by the lower curve in Fig. 2. 
This represents the situation on a normal summer day. On a winter day the curve 
obtained is similar, but the height change from night to day is smaller. In every 
season the morning fall in height starts abruptly at a time when the sun’s zenith 
distance is near 98°, and the fall is practically complete by the time of ground sunrise. 
The reverse change takes place in the evening, the shape of the curve being nearly 
symmetrical about noon. 

A diurnal variation of apparent reflection height is also found when observations 
are made on 16 ke/s at distances not far from the transmitter, so that the waves are 
incident on the ionosphere nearly vertically. This variation is of a very different 
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nature to that found at oblique incidence, and is shown by the upper curve in Fig. 2 
(see BRACEWELL ef al. [9]). The apparent reflection height does not begin to fall 
until after ground sunrise, and for 7<85° the change follows quite closely a log 
sec v law, where 7 is the zenith distance of the sun. No special significance is attached 
to the value for the difference in height of the two reflecting levels shown in the 
figure. 

The difference in behaviour of very long waves reflected at vertical and oblique 
incidence is so great that a different terminology has been applied to the reflecting 
levels for each—Dz« for vertical and Df for oblique incidence; this was first done 
by BracEWELL [12]. BraceWELL and Barn [14] give reasons for believing that 
these are actually distinct layers produced by different ionising reactions. 


4. SupDEN FIELD ANOMALIES 
4.1. General description 


The signal strength records for GBR observed at Aberdeen and Edinburgh frequently 
show anomalies coincident in time with s.p.a.’s in the field of GBR observed at 
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Fig. 3. Examples of s.f.a.’s in the field of GBR (16 kc/s) observed at Aberdeen (a—d) and Edinburgh 
(e-h). The dotted curves show the approximate behaviour on an undisturbed day. Times of start 
of the anomalies are (in U.T.) 
a) 0618, 14 June 1949 e) 1019, 13 June 1949 
b) 1001, 1 October 1949 f) 1500, 28 July 1949 
c) 0637, 17 August 1949 g) 0639, 17 August 1949 
d) 1734, 31 March 1949 h) 1149, 16 August 1949 


Cambridge. They are characterised by an initial rapid change of signal strength 
followed by a more gradual return to normal; this cycle of events is usually found 
in phenomena associated with solar flares. All anomalies of this kind in the oblique 
incidence records have been tabulated. For each the times of the following events 
were noted —the start, the maximum departure of the trace from normal, and finish. 
Typical examples of the anomalies observed at Aberdeen and Edinburgh are shown 
in Fig.3. They will be termed “sudden field anomalies” (abbreviated to s.f.a.) in order 
to avoid pre-judging the question of whether the changes in resultant field strength 
are caused by alterations in the amplitude or phase of the downcoming sky wave. 

The great majority of the s.f.a.’s at Aberdeen consist of a rapid increase of signal 
strength, followed by a slow decrease. There are, however, a few cases in which 
the onset consists of a decrease in signal strength, or of a decrease followed by an 
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increase such as in Fig.3d. These unusual s.f.a.’s have all occurred in the winter 
months from November to March. At Edinburgh the usual appearance of the s.f.a. 
is different, as can be seen from the examples in Fig.3. All those recorded begin 
with a decrease in resultant signal strength, though the largest anomalies contain an 
increase to a maximum after this decrease (see Fig. 3h). 


Although most of the s.f.a.’s have been observed by simple amplitude recording, 
there have been four occasions when the phase of the received signal at Aberdeen 
has been measured during the anomaly. A locus in the complex plane obtained at 
such a time is shown in Fig.4. The possible positions of ground wave point on this 
locus must lie in the neighbourhood of the 
point G; the method of locating G is given 
by Barn ef al. [13]. Now the resultant 
signal strength at any time is proportional 
to the length of a line from O to the appro- 
priate point on the locus. Hence with a 
ground wave point such as G the change in 
this signal strength during the anomaly of 
Fig.4 must be due mainly to a change in 
the phase of the sky wave; the amplitude 
of the sky wave is scarcely affected. It is 0309 
also evident that the anomaly is nearly all Fig.4. Diagram on the complex plane of signal 


due to changes in the once reflected compo- received from GBR on a loop in the plane 
of propagation at Aberdeen on 3 May 1950. 


nent of the sky wave; the peepenes of an O is the origin of co-ordinates, and @ is the 
appreciable twice reflected component would ground wave point. Timings in U.T. with 


give to the locus during the flare a much 6 min points marked between 0930 and 1000. 
more complicated appearance, as described The s.f.a. begins at 0926. 

by BRAcEWELL [12]. The other loci observed 

lead to the same conclusions, which may therefore be taken as valid in the study 
of other s.f.a.’s occurring in summer, since there is no reason to believe that these 
loci are in any way unusual. 

The shapes of summer s.f.a.’s at Aberdeen and Edinburgh can be readily ex- 
plained qualitatively on the basis of a sky wave whose phase lag on the ground 
wave decreases during the build-up of the anomaly. From Fig. 4 it can be seen that 
at Aberdeen the sky wave normally lags on the ground wave by a phase angle of 
about 150° during the summer day. A decrease in this phase lag due to an s.i.d. 
would cause the resultant signal strength to increase, as is observed. At Edinburgh, 
nearer the transmitter, the phase lag of the sky wave on the ground wave must 
be greater, and reasons will be given later for believing its value to be 238°. A further 
small decrease in phase lag would therefore cause a decrease in signal strength, but 
if the phase change were sufficiently great to drive the sky wave past the position 
of antiphase with the ground wave, an increase of signal strength would follow the 
decrease. 

4.2. The timing of an S.F.A. 
The times of occurrence of s.f.a.’s have been investigated. In the case of the start 
and the maximum these can be determined to an accuracy of +1 min, but the end 
of an anomaly is not well defined and it is not worth while studying it in detail. 
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When a comparison is made for the times of start and maximum between s.f.a.’s 
and Cambridge s.p.a.’s the following results are obtained with the Aberdeen s.f.a.’s. 

1. The time of start of the s.f.a. was later than that of the corresponding s.p.a. 
by 1-79+0-27 min. (Standard error of the mean quoted.) 

2. The time of maximum of the s.f.a. was later than that of the corresponding 
s.p.a. by 2-13 + 0-32 min. 

For the Edinburgh s.f.a.’s the results are as follows. 

1. Time of start. 1-96 + 0-52 min. 

2. Time of maximum. 1:25 + 0-50 min. 

The drop in accuracy is no doubt due to the more contracted time scale which 
was used in the Edinburgh records. 

The timing differences are certainly significant. In the case of the maxima this 
may well be related to the fact that on vertical incidence on 16 ke/s the sky wave has 
a minimum in amplitude several minutes after its maximum of phase change in 
the anomaly (BRACEWELL and STRAKER [8]). A connection between absorption 
at vertical incidence and phase changes at oblique incidence has also been noted in the 
pre-sunrise period (BRACEWELL and BaIn [14]). The differences in the times of 
start are rather more difficult to account for, but some suggestions are made later 
in this paper. 

4.3. The size of an S.F.A. 

The magnitude of an s.f.a. is also of interest, and in order that a detailed analysis 
of the anomalies may be carried out, it is necessary that some measure of their size 
should be adopted. For the Edinburgh s.f.a.’s the quantity selected is the ratio of 
the amplitude of departure from the normal to the amplitude just before the s.f.a. : 
these amplitudes are read from the signal strength records. The signal strength 
during the summer day at Edinburgh is quite high and subject to only a small 
percentage variation of amplitude. In the case of those s.f.a.’s which pass through 
a minimum during the build-up of the anomaly, such as d and h in Fig. 3, the ampli- 
tude of departure is taken to be the sum of the two amplitude changes 1) from the 
beginning of the anomaly to the minimum, and 2) from the minimum to the follow- 
ing maximum. But at Aberdeen the ratio of amplitudes is not so satisfactory 
a measure owing to the low signal strength which is normally found at Aberdeen 
during a summer day. Small fluctuations in this signal strength are thus apt to 
lead to spurious differences in the size of s.f.a.’s. It has therefore been decided to 
use the value of the departure from normal as measured on the record chart as 
the measure of the size of the Aberdeen s.f.a. This now depends on the amplification 
of the receiver in use, so the principle has been adopted of altering this figure by 
a factor which brings the mean night signal strength for the particular day to a con- 
stant level of 80 units. In this adjustment night levels which had been affected 
by the disturbances succeeding a great magnetic storm were not taken into consider- 
ation. Nevertheless, it is probable that the figure used for the size of the s.f.a. at 
Edinburgh gives a rather better indication of the effect on oblique incidence propa- 
gation than does that for Aberdeen. 

Now BracEWELL and STRAKER [8] have shown that the change of phase of the 
sky wave from GBR during an s.p.a. provides a very good measure of the importance 
of a solar flare, when the observations are made near vertical incidence on the iono- 
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sphere. Because of this and the similarity of the phenomena being observed, the s.p.a. 
figures have been used as a basis of comparison with the s.f.a.’s; lists of the required 
data have been given by STRAKER [15] and by BowHILL (private communication). 

A direct comparison of s.f.a. size and the phase change in the corresponding 
s.p.a. at Cambridge gives results as in Fig.5 for all cases in the Edinburgh records 
in the summer of 1949. There is a marked tendency for the two effects to be pro- 
portional, but it is noticeable that all the points lie below the line A on the diagram, 
and some, indeed, actually lie on the s.p.a. axis. An s.p.a. can be accompanied by 
little or no corresponding s.f.a. at Edinburgh, but the converse is not true. 

It is necessary to enquire whether P 
such a difference in size of anomaly could VA . 
be produced even if the change in ap- 
parent reflection height were the same 
at vertical and oblique incidence. This 
could happen, for instance, if at certain 
times of day the sky wave and ground 
wave bore such a phase relation to each 
other that the resultant signal was not 
altered appreciably by a small change 
of phase of the sky wave. A study of the 100 g00. 300. 400.500 600 
effects compared with the zenith distance Size of Cambridge S.P.A. degrees 
of the sun at the time of the anomaly Size of Edinburgh s.f.a. against size of 
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does in fact reveal that the s.f.a. tends 
to be small or missing if the zenith dis- 
tance is large (greater than 65°). However, 
there are two arguments which show 


Cambridge s.p.a. for anomalies in the period June 

to October 1949. Transmitter GBR. The Edin- 

burgh size is the ratio of the total amplitude 

change in the anomaly to the amplitude just 
before the anomaly. 


that the phase relation between sky 

wave and ground wave cannot be the main reason for this effect. First, the 
corresponding results for the size of the Aberdeen s.f.a.’s in the summer bear a close 
resemblance to those for Edinburgh. It is certain that the phase relations between 
ground wave and sky wave are very different at Aberdeen and Edinburgh, as in- 
deed is immediately obvious from the shapes of the s.f.a.’s in Fig. 3. Hence the 
possible explanation just given cannot hold for both. Also the Aberdeen phase 
and amplitude loci show that there is little change in the sky wave in the summer 
between ground sunrise and sunset, and this probably holds for Edinburgh as 
well; again this leaves no scope for major differences in the size of s.f.a. found 
at different times of day. 

A direct deduction of the phase changes in the sky wave during an s.i.d. can be 
made from the four phase observations of s.f.a.’s at Aberdeen; details are given in 
Table 1. Consider, for example, the s.f.a. of 4 October 1949. The phase change in the 
corresponding s.p.a. at Cambridge was 240°. If the once reflected wave received at 
Aberdeen were reflected from the same level, it would be expected to alter in phase 
by 72°. But no possible position for the ground wave point on the locus could give 
a phase change for the sky wave of more than 30°; the best estimate is 20°. The 
zenith distance of the sun was then 63°. If the same procedure is carried out for the 
s.f.a. at 0949 on 3 May 1950 (see Fig. 4), where the zenith distance was 47°, the calcu- 
lated phase swing at Aberdeen is found to be 93°, while the observed change was 80°. 
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Table 1 





; ; . Size of Calculated Actual phase 
Time of s.p.a. | Zenith distance Cambridge phase change change 
Date maximum of sun 8.p.a. at Aberdeen at Aberdeen 
ale (deg.) (deg.) (deg.) (deg.) 





5 May 1949 ... 1157 39 310 93 
4 October 1949. 1325 63 240 72 
8 March 1950 . . 1130 61 110 33 
3 May 1950... 0949 47 310 93 




















4.4. Explanation of results in terms of the two layer theory 

It has been shown that during a flare of not too large amplitude which occurs when 
the zenith distance of the sun is great, there is a change of apparent reflection height 
for vertical incidence propagation but not for oblique incidence. Fig.2 reveals 
a possible mechanism whereby this might arise. Suppose that the layers Da and Df 
shown there are the result of separate ionising reactions in the upper atmosphere, 
and that D« is extended downwards by the solar radiation during a flare. Consider 
two s.p.a.’s causing equal changes in reflection height, (1) occurring at a time when 
y= 80°, and (2) when 7= 40°. A detailed study of the reflected wave at oblique 
incidence during these s.p.a.’s would involve making many assumptions about the 
exact conditions of ionisation, collisional frequency, etc., and elaborate mathematical 
calculations would be required. Nevertheless it seems highly probable that during 
s.p.a. (1) there would be no effect on oblique incidence propagation and that during 
s.p.a. (2) there would be little effect until the bottom of D« had moved through D8. 
As Dx and Df are farthest apart at high zenith distances, this kind of theory is 
what is required to explain the observations. 

For s.p.a.’s such as (2) causing an effect on oblique incidence propagation, the 
size of the s.f.a. on the basis of the above hypothesis should be proportional to 
the length marked BC on Fig.2. But the apparent reflection height of Df varies 
little during the hours of direct sunlight, so the height of the point B would be un- 
changed, whatever the time of day might be at which the flare occurred. Hence 
the size of the s.f.a. should be a function of the height of the point C alone, 2.e. 
a function of the apparent reflection height at vertical incidence at the maximum 
of the s.p.a. A useful test of the hypothesis is therefore obtained by a plot of s-f.a. 
size against this reflection height. Such a diagram for the Edinburgh s.f.a.’s is 
shown in Fig.6a; the apparent reflection heights for Dx are plotted with respect 
to the value (hy) for 7=0 as zero. 

It can immediately be seen that before an s.f.a. is observed at Edinburgh the 
apparent reflection height of D« has to fall to 1 km above h,; this is the height 
of Dx at summer noon in England. It would therefore appear that Da and Df 
are very close together at this time. The relation between apparent reflection 
height and s.f.a. size is roughly linear for the range of reflection heights from + 1 km 
to —6 km, though for the largest s.p.a.’s the s.f.a.’s seem to be larger than would be 
expected from a relationship of simple proportion. This may well indicate that 
the sky wave is increasing in amplitude here, and this would be in accord with 
observations on sudden enhancements of atmospherics, which are occasionally 
found on 16 ke/s. 


148 





Observations on the propagation of very long radio waves 


Fig.6b shows the corresponding diagram for the Aberdeen s.f.a.’s. It contains 
more points than Fig.6a, including those for the winter months. As the presence 
of a twice reflected component may well alter considerably the position of points 
on this diagram, the winter points have been entered with a distinctive symbol. 
The limits of “‘winter”’ have been fixed here by reference to the plot of conversion 
coefficient * at vertical incidence throughout the year (BRACEWELL et al. [9]). 
‘‘Winter”’ is the region where this coefficient is greater than 0-2, 7.e. from 16 October 
to 31 March. The reflection coefficient 
at vertical incidence is approximately 
equal to the conversion coefficient, so 
outside the period of “Winter” the 
twice reflected wave arriving at Aber- 
deen and Edinburgh will be small. 
There is little doubt that the unusual 
types of s.f.a. sometimes observed in 
winter are due to the presence of 
multiply reflected waves. 

The Aberdeen results in Fig.6b 
strongly resemble those for Edinburgh. 
There is, however, a tendency for the 
winter points to lie above the summer 
ones. This is what might be expected 
to arise from a stronger twice reflec- 
ted wave, certainly in the case of the 
small s.f.a.’s. The cut-off level above F 
which no s.p.a.’s are accompanied by a 5-70 km 
effects at Aberdeen is again in the Apparent reflection height at maximum of Cambridge S.P.A. 
region of +1km, confirming the view Fig. 6aand b. Size of s.f.a.’s observed at oblique in- 
that the sky waves arriving at Aber- eidence (measured as explained in text) asa function 
deen and Edinburgh have been re- of the apparent woeantinn height at the een of 

: the corresponding Cambridge s.p.a. Transmitter GBR 
flected in much the same way from (16 ke/s). 
the ionosphere. There is not the same a Edinburgh. Period June to October 1949. 
indication of a greater than linear in- b Aberdeen. Period December 1948 to November 1949. 
crease of s.f.a. in proportion to the re-  @ Observations in days 1 April to 15 October. 
flection height at the s.p.a.maximum x Observations in days 16 October to 31 March. 
for the biggest anomalies, as there is 
at Edinburgh. However, this may be entirely due to the fact that near the maximum 
of a large s.p.a. the sky wave at Aberdeen would be coming nearly into phase with 
the ground wave, and a farther phase change would not help to increase the 
resultant signal. 

There is yet more evidence which is very difficult to interpret except on the double 
structure theory of the D layer. This comes from the phase observations of s.f.a.’s 
at Aberdeen, details of which were cited in Table 1. These, too, indicate a smaller 
change of reflection height when the sun’s zenith distance is great. A possible 
exception is the s.f.a. on 8 March 1950, which appears rather larger than might have 


* The conversion coefficient is the ratio of the amplitude of the abnormal component after reflection 
to that of the normal component before reflection. 





g 





Lory 








™~ 





Size of Edinburgh S.F.A. 
% 








S 








<o 
is) 








% 
Ss 





Size of Aberdeen SF. A. 
3 














149 





W.C. Bain 


been expected for a zenith distance as large as 61°, but it should be noted that this 
day lies well within the limits of winter as defined here. The twice reflected wave 
is therefore probably responsible for most of this effect. 

These considerations lend strong support to the hypothesis of a double structure 
in the D layer of the ionosphere, D« being the layer which is affected during a solar 
flare. The reflecting levels are normally close together at summer noon, with DB 
possibly a small distance below Dz, since an effect might appear on oblique incidence 
before Da actually reaches Df. The apparent reflection height of Da at summer 
noon is given by BRACEWELL et al. [9] as 74 km, so the apparent reflection height 
of D8 is probably near to this. 

The two-layer theory may also help to explain the delay in the time of start 
of an s.f.a., for this might be ascribed to the time taken for Da to extend down to DB 
at the beginning of the solar flare. The delay would then depend on the distance 
between Da and Df just before the anomaly, and thus upon the zenith distance of 
the sun at the time. An analysis of the data reveals some indication of the presence 
of this effect, though the evidence is not conclusive. Of course, the delay in the time 
of start may simply be caused by it not being possible to recognise the start of an 
anomaly as readily in the small fluctuations in a signal strength record as in those 
of a phase record at vertical incidence. 


5. Tuer Usk or S.F.A.’sS IN THE DETERMINATION OF APPARENT REFLECTION HEIGHT 


It has already been pointed out that the level of reflection for Df during the summer 
is probably very near to that for Dx at summer noon, and so its apparent reflection 
height should be approximately 74km. But the nature of the largest s.f.a.’s at 
Edinburgh makes possible an independent check on this height. These s.f.a.’s pass 
through a minimum during the build-up of the anomaly. At the instant of the 
minimum, the once reflected component of the sky wave must be in antiphase 
with the ground wave, provided that higher order reflections are negligible and that 
the sky wave is not changing in amplitude during the anomaly. Both these assump- 
tions appear justified in view of the evidence described in this and other papers 
(Barn et al. [13], BRacEWELL and Balin [14]). It is therefore possible to deduce 
the phase relation between sky wave and ground wave at the start of the anomaly, 
with the additional assumption that the fall in apparent reflection height during 
a solar flare near summer noon is the same at vertical and oblique incidence; Table 1 
shows this to be nearly true for Aberdeen at least. When two such phase relations 
have been deduced for different receiving points, an apparent height of reflection 
can be calculated; in the case of oblique incidence propagation the points must be 
both more than 400 km from the transmitter, as it is well-known that there is 
a change-over in propagation conditions between 300 and 400 km (WEEKEs [16], 
BRACEWELL and Barn [14]). 

The minimum to which the signal strength falls during a large s.f.a. at Edinburgh 
is almost exactly zero, and this enables the phase calculation to be carried out with 
the aid of Fig.6a. The point at which the signal strength becomes zero corresponds 
to an s.f.a. size of 1-00 on the diagram. The mean curve through the points passes 
through the point of s.f.a. size of 1-00 when the apparent reflection height of Da 
is —3-80 km. As the mean height of Da at summer noon is + 1-00-km, during such 
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an s.f.a. the apparent reflection height must fall by 4-80 km. Calculation shows 
that this change would cause the phase of the sky wave at Edinburgh to alter by 
58°. Hence at summer noon the mean phase lag of the sky on the ground wave is 
180 + 58 = 238°. 

The second receiving point at which to determine this phase relation is best 
obtained from the ground interference pattern of WEEKES [16]. This pattern shows 
a minimum at 490 km, where the ground wave must be in antiphase with the sky 
wave. When this fact is combined with the Edinburgh data, an apparent reflection 
height of 70 km is obtained. In deriving this figure, a correction of 6° has been 
applied to the phase difference between Edinburgh and the 490 km point to allow 
for the difference in phase velocity of the ground wave from that in free space. 

If errors in the estimation of the Edinburgh phase relation and position in the 
ground of the minimum are taken into account, the error in the height determination 
should not exceed 4km. Errors in the assumptions made might upset the result 
considerably, but the reasons supporting these assumptions have already been stated. 
The method, which makes use of observations at summer noon, appears to be less 
subject to errors due to the presence of multiply reflected waves than that given in 
BAIN et al. [13]. The latter was based on changes in the resultant signal in the pre- 
sunrise period, when the higher order reflections are not negligible. BRACEWELL 
et al. [9] give the apparent reflection height of D« at summer noon as 74 + 2 km, 
which agrees with the result here within their limits of error. 

Dr. WEEKES has recently stated (in a private communication) that he believes 
the minimum in the ground interference pattern lies between 475 and 490 km: 
this statement is based on work carried out subsequent to his 1950 paper [17]. The 


lower of these figures would give a reflection height of 77 km. It may therefore 
be that the figure of 70 km quoted above for the apparent reflection height of Df 
is rather too low. 


It is of interest to consider what is the phase change at reflection from the iono- 
sphere if the apparent reflection height of 70 km is accepted. This can be calculated 
to be a lag of 134°. This is not the same as at vertical incidence, where the phase 
change at reflection is given by BRACEWELL ef al. [9] to be zero. It therefore seems 
that the phase change is varying with angle of incidence on the ionosphere. Of 
course, changes in phase lag at reflection between the 418 and 490 km distances 
would invalidate the reflection height deduction just made. Little help can be 
obtained from present theories of very long wave reflection, and it can only be pointed 
out that the variation of angle of incidence over this range of distance is quite 
small (68—73°). Only a very rapid change of phase with angle of incidence would 
affect the result appreciably. 


6. THE RELATION OF THE 8.F.A. TO OTHER PHENOMENA IN AN S.I.D. 
An examination has already been carried out by BRACEWELL and StTRAKER [8] of 
the relation between the s.p.a. and associated events such as the short-wave fade-out, 
the sudden enhancement of atmospherics, and observations by spectrohelioscope 
in H« light of the flares on the sun’s disc. Detailed comparisons between s.f.a.s 
and these associated phenomena have not been made, as the relation between any 
two of these occurrences can be obtained in its main features by considering the 
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connection of each with the s.p.a. However, an interesting study of some individual 
cases has been made by ELtison [17]; this paper contains more details of the 
Edinburgh s.f.a.’s. 

The only phenomenon which might be worth comparing directly with the s.f.a. 
is the sudden enhancement of atmospherics, since both are characteristic of oblique 
incidence propagation; but the connection will be difficult to investigate in the 
absence of a good measure of the importance of a sudden enhancement of atmos- 
pherics. 

7. CONCLUSIONS 

The phenomena of oblique incidence propagation on 16 ke/s during solar flares appear 
to require two layers in the D region of the ionosphere for their explanation. They 
lend further support to the theory that the extra ionisation produced during a solar 
flare consists simply of a downward extension of Dx, the same ionising reaction 
being involved. The results described here will be of importance in the study of 
atmospherics, which may well be propagated by reflection from Df. They have also 
an obvious bearing upon theories of production of the D layers, such as are described 
by Mirra [18] and Pipprneron [19]. 
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ABSTRACT 

The absorption in the D-layer of the ionosphere is already known to change with the seasons and 
with the 1l-year sunspot cycle. The question has therefore been examined, whether analogous varia- 
tions occur in the course of the solar rotation of about 27 days in cases where the sunspots are unequally 
distributed in heliographic longitude (in such cases the sun exhibits, in the course of a rotation, alter- 
natively aspects with many spots and with few spots). Such variations in absorption of appreciable 
amplitude are found at Singapore during the whole year, at Slough (near London), however, only 
during the summer months. Other variations in absorption of larger amplitude than in summer are 
found in Slough during the winter months, but these winter-time variations are not controlled by 
27-days variation in sunspot number R and also not by variations in particle radiation. The significance 
of these results in connection with radiocommunication circuits and for ionospheric forecasting is 


briefly discussed. 


1. FRAGESTELLUNG 


Die Absorption elektromagnetischer Wellen in der Ionosphiare bei senkrechtem 
Einfall wird nach H. G. Booker [1] und K. Rawer [2] durch folgenden Ausdruck 


gegeben 
—9 eae a | Dezi 
6 = 20 logy, lag | Te ie * 20 logio”| Dezibel. (1) 
Es bedeuten in (1) 
elektrische Feldstaérke in 1 km Entfernung vom Sender, 
= elektrische Feldstarke der ordentlichen Komponente der einmal an 
der Ionosphire reflektierten Welle, 
Absorptions- oder Dimpfungswert, 
Entfernung vom Erdboden zur Ionosphare und zuriick in km, 
Frequenz der Welle in MHz (= 108 Hz), 


on = = . cos (3, ) . 10® = Komponente des Vektors der Larmorfrequenz 
der Elektronen im Erdmagnetfeld § in Richtung der senkrechten 
Wellennormalen ;. 

Nahe dem Aquator ist, wegen cos (3, ) ~ 0 auch /,; ~ 0. In Europa rechnet man 

mit dem Mittelwert f,; ~ 1,2 MHz. 

Bei dem Ansatz (1) wird die Absorption innerhalb der reflektierenden Schichten 
der Ionosphire (E- und F-Schicht) als klein vernachlassigt. Der Ausdruck A/(f + /,))* 
gibt den Absorptionsanteil der D-Schicht. Der Absorptions- oder Dampfungswert A 
ist proportional dem Integral iiber das Produkt der Elektronenkonzentration NV 
und der StoBzahl » (= Zahl der St6Be zwischen Elektronen und Gasmolekiilen 


pro sec.) iiber die Dicke d der D-Schicht. 
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Die Ionosphirenstationen Slough (~ = 51,5° Nord, 4 = 0,5° West) und Singa- 
pore (y = 1,3° Nord, 4 = 103,8° Ost) des Department of Scientific and Industrial 
Research, London, messen seit langerer Zeit taglich (ausgenommen an Sonn- und 
Feiertagen) um 1200 Ortszeit den Absorptionswert A. Die Werte werden in [3] 
veréffentlicht. Dort werden sie in Dezibel (db) angegeben, das bedeutet nach (1), 
daB z. B. bei einer Dampfung A = 600 db eine Welle von 10 MHz in der D-Schicht 
(bei /;, ~ 0) eine Absorption von 600/10? = 6 db erfahrt. 

Nach E. V. APPLETON [4] andern sich die Absorptionswerte A sowohl mit der 
Jahreszeit wie mit dem 11ljahrigen Sonnenfleckenzyklus. In Ergainzung dazu soll 
hier untersucht werden: 

Zeigen die taglichen Absorptionswerte A in Slough und Singapore merkliche 
Variationen im Verlauf einer Sonnenrotation (von etwa 27 Tagen), falls auf der 
Sonne die Flecken ungleichmaBig in heliographischer Lange verteilt sind, die 
Sonne in einem solchen Fall uns im Verlauf der Rotation abwechselnd eine flecken- 
reiche und eine fleckenarme Seite zukehrt. Dabei werden gema® [5] und [6] die 
Relativzahlen R als MaB der ionisierenden Wellenstrahlung betrachtet. Ahnliche 
Untersuchungen sind bereits von J. BARTELS durchgefiihrt mit den Mittags-Grenz- 
frequenzen der F,-Schicht in Huancayo [5]. Fiir die folgende Anwendung der 
in [5] angegebenen Synchronisierungsmethode standen zur Verfiigung die A-Werte 
von Slough (Januar 1947 bis Januar 1952) und von Singapore (September 1949 
bis Januar 1952). 


2. VORBEREITUNG DES BEOBACHTUNGSMATERIALS 
a) Beobachtungsmaterial sind die tiglichen Absorptionswerte A und die Sonnen- 
fleckenrelativzahlen RF fiir dieselben Tage. Es wird in 27tagige Intervalle (Sonnen- 
rotationen) eingeteilt. Der erste Tag der Rotation 1600 z. B. ist der 23. April 1950. 
Diese 27taigigen Intervalle werden in je neun 3tagige Intervalle unterteilt. 

b) Aus den taglichen A-Werten werden, fiir jeden dritten Tag als Mittelpunkt, 

1. laufende 9tagige Zentralwerte (medians) und anschlieBend 

2. laufende 27tigige Zentralwerte bestimmt. 

Man erhalt so pro Rotation neun 9tagige und neun 27tagige Zentralwerte. Waren 
in einem 9tagigen Intervall z. B. nur 8 Werte vorhanden (durch MeBausfalle an 
Sonntagen), so wurde als Zentralwert das Mittel zwischen dem 4. und 5. gréBten 
Wert angenommen. Allgemein wurde bei einer geraden Anzahl von Beobachtungs- 
werten in einem 9- oder 27tagigen Intervall entsprechend verfahren. 

c) Von jedem 9tagigen Zentralwert wird der zugehOérige 27tagige Zentralwert 
abgezogen. Man erhalt dann pro Rotation 9 Differenzen 4A. Die so gewonnenen 
Jaufenden Differenzen 4A sind in Abb. 1 fiir Singapore und Slough graphisch 
dargestellt. Durch dieses Verfahren werden aus den taglichen A-Werten langere 
Perioden (z. B. ganz- oder halbjahrige) eliminiert, dagegen kiirzere Perioden (etwa 
27tagige) hervorgehoben, wie aus Abb. 1 deutlich zu ersehen ist. 

d) Aus den tiglichen R-Werten (nachfolgend jeweils noch durch 5 dividiert) 
werden 

1. in 3tagigen Abstanden laufend 9tagige Mittelwerte (means) bestimmt und 
anschlieBend 

2. aus jeweils drei 9tagigen Mittelwerten der zugehorige 27tagige Mittelwert 
bestimmt. 
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e) Von jedem 9tagigen Mittelwert wird der zugehérige 27tagige Mittelwert 
abgezogen. Man erhalt dann pro Rotation 9 Differenzen 4R/5. Diese laufenden 
Differenzen AR/5 sind in Abb. 1 zeitlich parallel mit den 4 A-Werten graphisch 
aufgetragen. 

Zur Zeit der Maxima von 4R/5 in Abb. 1 kehrt die Sonne uns eine relativ 
fleckenreiche Seite zu, zur Zeit der Minima eine fleckenarme Seite. Maxima und 
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Abb. 1. Zeitlich parallele Darstellung der Werte .1R/5 (= Ytagiger Mittelwert minus 27tagiger 
Mittelwert) und der Werte 4A (= 9tagiger Zentralwert minus 27tagiger Zentralwert) von Singa- 
pore und Slough. 


Minima in A R/5, bei denen die Summe von drei aufeinanderfolgenden 4 R/5-Werten 
> + 13 (= 65 Ziiricher Einheiten) oder <— 13 ist, sind mit einem kleinen Dreieck 
gekennzeichnet. Diese so markierten A R/5-Extremwerte sollen positive oder 
negative A R/5-Pulse genannt werden. In den Darstellungen 44 fiir Slough und 
Singapore sind die Maxima, bei dener die Summe von drei aufeinanderfolgenden 
AA-Werten > + 130db, und die Minima, bei denen die Summe von drei auf- 
einanderfolgenden 4 A-Werten <—110 db ist, mit einem kleinen Dreieck gekenn- 
zeichnet. Diese so markierten AA-Extremwerte sollen positive und negative 
A-Pulse genannt werden. 


3. METHODE DER (UBERLAGERTEN EKPOCHEN 
Die Anwendung dieser Methode (,,Synchronisationsexperiment*’) soll die Bezie- 
hungen zwischen dem Verlauf von 4 und dem von 4A in Slough und Singapore 
deutlich vor Augen fiihren; zur Methode vgl. [6] und namentlich [7]. 
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Abb. 3. Korrelation zwischen der durchschnittlichen 
27tagigen Variation von AR/5 und der von AA in 
Slough wahrend der Sommermonate. 
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Aus der Darstellung 4 R/5 (Abb. 1) 
wird jetzt fiir jeden positiven A R/5- 
Puls ein Abschnitt von 25 konseku- 
tiven AR/5-Werten (= 75 Tage) 
Lange, mit dem positiven 4 R/5-Puls 
genau in der Mitte, als Zeile einer 
Matrix ausgeschrieben, und alle Ab- 
schnitte (= Epochen, Anzahl n) wer- 
den in bezug auf die Pulse synchron 
tiberlagert. Sodann wird die Durch- 
schnittszeile dieser iiberlagerten Ab- 
schnitte gebildet, indem (in der Matrix 
mit 25 Spalten und n Zeilen) die senk- 
recht tibereinanderstehenden A R/5- 
Werte addiert und durch die Anzahl n 
der iiberlagerten Epochen dividiert 
werden. AnschlieBend werden die 4 A- 
Werte fiir Singapore fiir die genau 
gleichzeitigen Abschnitte herausge- 
schrieben, iiberlagert und davon die 
Durchschnittszeile gebildet wie soeben 
beschrieben. Die analoge Rechnung 
wird mit den negativen A R/5-Pulsen 
durchgefiihrt. Die so gewonnenen 
Durchschnittszeilen fiir 4 R/5 und 4A 
Singapore sind in Abb. 2 links ge- 
trennt nach positiven und negativen 
Pulsen dargestellt. 

Analoge Experimente werden jetzt 
wiederholt, wobei jedoch gleichlange 
Abschnitte ausgewahlt werden, bei 
denen in den 4 A-Werten Singapore 
ein AA-Puls genau in der Mitte 
liegt. Die hierbei gewonnenen Durch- 
schnittszeilen fiir 4 R/5 und A A Singa- 
pore sind in Abb. 2 rechts ebenfalls 
getrennt nach positiven und nega- 
tiven Pulsen dargestellt. 

Die Experimente der Abb. 2 liefern 
folgende Ergebnisse : Ein durchschnitt - 
licher ausgewahlter AR/5-Puls wird 
von einem gleichgerichteten in 4A 
phasengleich begleitet. Umgekehrt 
wird ein durchschnittlicher ausge- 
wahlter 4 A-Puls von einem gleich- 
gerichteten in A R/5 phasengleich be- 
gleitet. Dariiber hinaus zeigen die 
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4A-Werte eine ausgeprigte 27tagige Variation in enger Korrelation mit der 
gleichen Variation von 4R/5. Durch 27tigige Variation treten in Singapore nach 
Abb. 2 im Durchschnitt Absorptionsschwankungen bis zu 140 db auf. Die Durch- 
schnittszeilen der Abb. 2 sind aus iiberlagerten Epochen entstanden, die, wie aus 
Abb. 1 zu erkennen ist, sowohl aus den Sommer- wie auch aus den Wintermonaten 


ausgewahlt sind. 

Die Absorption in der D-Schicht 
wird daher iiber Singapore im ganzen 
Jahr durch die Wellenstrahlung der 
Sonne gesteuert. 

Als nachstes wird ein formal glei- 
ches Experiment durchgefiihrt wie in 
Abb. 2, jedoch jetzt mit den 4 A-Wer- 
ten von Slough. Dabei werden vorerst 
die iiberlagerten Epochen nur aus 
den Sommermonaten (1. Marz bis 
15. Oktober) ausgewahlt. Die Ergeb- 
nisse zeigt Abb. 3. Hiernach liegen 
in den Sommermonaten in Slough die 
gleichen Verhaltnisse vor wie sie im 
ganzen Jahr in Singapore herrschen. 
Die durchschnittliche durch 27tagige 
Variation eintretende Absorptions- 
schwankung betragt jedoch in Slough 
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nur bis zu 100 db. 

Als nachstes wird wiederum ein 
formal gleiches Experiment wie in 
Abb. 3 mit den 4A-Werten Slough 
durchgefiihrt, dabei jetzt die iiber- 
lagerten Epochen nur aus den Winter- 
monaten (16. Oktober bis 28. Februar) ausgewahlt. Die bei diesem so durchgefiihrten 
Experiment gewonnenen Durchschnittszeilen sind in Abb. 4 dargestellt. 

Es zeigen sich hier vollig andere Ergebnisse als bisher (Abb. 2 und 3). Der 
durchschnittliche ausgewahlte A R/5-Puls wird nicht mehr von einem durchschnitt- 
lichen Puls in 4A begleitet, und umgekehrt. Auch zeigen die Durchschnittszeilen 
von AA keine 27tagige Variation mehr. In den A A-Durchschnittszeilen auf der 
linken Halfte der Abb. 4 sind zwar ungleichmaBig tiber die Zeile verteilt einige 
Pulse zu erkennen. Ferner zeigt die 4 A-Durchschnittszeile in Abb. 4 oben links 
im linken Drittel eine angenaherte Korrelation mit der Variation von 4 R/5. Die 
nachfolgenden Schiittelexperimente (nach [8]) sollen jedoch zeigen, daB diese Einzel- 
heiten nur den statistischen Hintergrund [8] darstellen und ohne physikalische 
Bedeutung sind. 

Zur Gewinnung der Ergebnisse in Abb. 4 (und auch in Abb. 2 und 3) wurden 
die iiberlagerten Epochen jeweils genau iibereinander geschrieben, so dai eine 
Matrix entstand, deren Zeilenzahl gleich der Anzahl n der tiberlagerten Epocher 
war. Die Spaltenmittel (Durchschnittszeilen) dieser Matrizen sind in Abb. 4 dar- 
gestellt. Zur Durchfiihrung der Schiittelexperimente wird auf die beiden aus 


Slough , Winfermonate 


Abb. 4. Gleiches Experiment wie in Abb. 3, Ergebnis: 

Keine Korrelation zwischen dem durchschnittlichen 

Verlauf von 4R/5 und AA in Slough wahrend der 
Wintermonate. 
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AA-Werten bestehenden Matrizen zuriickgegriffen, deren Durchschnittszeilen in 
der linken Halfte der Abb. 4 dargestellt sind. Jede Zeile dieser beiden Matrizen 
wird jetzt nach einem durch Zufallszahlen festgelegten Schema (vgl. [8]) um 
1—5 Spalten nach rechts und links verschoben. Von diesen so geschiittelten Zeilen 
wird jetzt wieder die Durchschnittszeile gebildet. 

Die Abb. 5 zeigt zunichst oben die beiden linken Bilder der Abb. 4 mit den 
unverainderten A A-Durchschnittszeilen. Darunter sind getrennt fiir positive und 
negative A R/5-Pulse A A-Durchschnittszeilen aufgetragen, die aus jeweils drei 
vorstehend beschriebenen Schiittelexperimenten entstanden sind. 
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Abb. 5. Ergebnisse von drei Schiittelexperimenten, durchgeftihrt zur Erhartung der in Abb. 4 
gezeigten Ergebnisse. 


Die AA-Durchschnittszeilen der drei Schiittelexperimente zeigen, ebenfalls 
ungleichmafig tiber die Zeile verteilt, Pulse annaihernd gleicher GréBe wie die 
urspriinglichen A A-Durchschnittszeilen. Die Durchschnittszeile links im zweiten 
Schiittelversuch zeigt im rechten Drittel eine angeniherte Korrelation mit der 
Variation der A R/5-Durchschnittszeile. Die aus den Schiittelexperimenten ent- 
standenen AA-Durchschnittszeilen sind jedoch garantierter Unsinn. Trotzdem 
kénnen aus dem Zufall heraus, durchschnittliche Pulse angenahert gleicher GréBe 
wie in der urspriinglichen A A-Zeile entstehen, ferner auch zeitweilige Korrelationen 
mit den Variationen von 4R/5. Aus diesem Grunde kann man auch derartigen 
Einzelheiten in den beiden urspriinglichen A A-Durchschnittszeilen (Abb. 4) keine 
physikalische Bedeutung zuschreiben (vgl. dazu [7]). Die winterlichen Variationen 
der Absorption in Slough werden demnach nicht unmittelbar durch Wellenstrahlung 
der Sonne gesteuert. 


4. KEIN ZUSAMMENHANG MIT ERDMAGNETISCHER UNRUHE. 
Nachfolgend soll nun untersucht werden, ob die winterlichen A A-Pulse in Slough 
durch solare Partikelstrahlung hervorgerufen werden. Zu diesem Zweck werden 
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aus den taglichen A-Werten der Wintermonate (iibersichtlich dargestellt in Abb. 7) 
vier Zeitintervalle von je 27 Tagen Dauer ausgewahlt, in welchen sowohl sehr hohe 
als auch tiefe A-Werte vorkamen, némlich 

1. 7. Januar bis 2. Februar 1948 (Rotation 1569) 

2. 12. November bis 8. Dezember 1949 (Rotation 1594) 

1. Februar bis 27. Februar 1950 (Rotation 1597) 
4. 14. Februar bis 12. Marz 1951 (Rotation 1611) 
Zu den A-Werten dieser Zeitintervalle als Ordinate werden die zugehérigen 

dreistiindlichen planetarischen erdmagnetischen Kennziffern Kp fiir 09—12 MGZ 


db 
10007 
Fad 


A 800 








TrTT Te rTT 
+ ‘5t-¢t 


Kp (os"- 12") > 


Abb. 6. Punktwolke aus Wertepaaren: Mittaglicher Absorptionswert A und planetarischer Kenn- 
ziffer Kp fir 09'—12h MGZ fur die Rotationen 1569, 1594, 1597 und 1611. 


(entnommen aus [9]) als Abszisse aufgetragen. Diese Wertepaare sind in der 
Punktwolke der Abb. 6 dargestellt. Offenbar besteht keine Korrelation. 


5. DISKUSSION. 


Die Abb. 7 gibt einen Gesamtiiberblick iiber die Slougher A-Werte von April 1947 
bis Marz 1952, links stehen die Sommerwerte, rechts die Winterwerte. Es ist deut- 
lich erkennbar, daB die Absorptionsinderungen im Winter weit starker sind als 
im Sommer. Nach den vorstehenden Untersuchungen werden die starken, unregel- 
maRig auftretenden, winterlichen AbsorptionserhOhungen weder direkt durch 
Wellenstrahlung noch durch Partikelstrahlung hervorgerufen. Welcher Vorgang 
in der winterlichen Ionosphire zu den starken Absorptionserhéhungen fiihrt, ist 
noch nicht bekannt. Da hohe A-Werte in Gruppen bis zu 14 Tagen vorkommen 
k6nnen (siehe z. B. Februar 1950), und nachts die Absorption stets auf sehr niedrige 
Werte absinkt, mu8 der verursachende Vorgang langere Zeit hindurch taglich 
erneut ausgelést werden kénnen. 

In der Ionosphare ist seit langem eine Erscheinung bekannt, die ebenfalls unregel- 
maBig auftritt, und fiir die keine Abhingigkeit vom Sonnenfleckenzyklus nach- 
gewiesen werden kann. Es ist dies die sporadische H-Schicht (Hs-Schicht, friiher 
abnormale #-Schicht genannt). Sie zeigt einen deutlichen Jahresgang, und zwar 
tritt in Europa die Hs-Schicht am haufigsten von Mai bis September auf [10]. 
Zwischen verschiedenen Jahren bestehen jedoch Unterschiede, deren Ursache noch 
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Gesamttiberblick tiber die A-Werte von Slough (April 1947 bis Marz 1952). 


Mai | 


Die unregelmaBig auftretenden starken winterlichen Absorp- 


tionserhdhungen in Slough stellen eine weitere Erscheinung in der Ionosphire dar, 
die deutlich einen jahreszeitlichen Gang zeigt, jedoch nach dem bisher vorliegenden 
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Beobachtungsmaterial keine Korrelation mit dem Sonnenfleckenzyklus. Im Gegen- 
satz zur Es-Schicht tritt die unregelmaBige starke AbsorptionserhGhung in Slough 
vorwiegend wahrend der Wintermonate auf. Ob die Ursachen dieser Absorptions- 
erhéhungen in einer Verlagerung der sommerlichen Hs-Ionisation in die tieferen 
Hoéhen der D-Schicht zu suchen sind, kann vorerst nicht gesagt werden. 

Fir die weitere experimentelle Untersuchung dieser Erscheinung wire es 
angebracht, in Europa an mehreren Stellen gleichzeitig Absorptionsmessungen 
durchzufiihren *. Es lieBe sich dann entscheiden, ob die winterlichen Absorptions- 
erhéhungen in Slough eine horizontal groBriumige, homogene Ausdehnung haben, 
oder, wie die Hs-Schicht, in horizontaler Richtung stark veranderlich sind. 


6. Dir BEDEUTUNG DER ERGEBNISSE FUR DEN PRAKTISCHEN FUNKVERKEHR 
UND FUR DIE IONOSPHARENVORHERSAGE 


Nach den vorstehenden Ergebnissen (Abb. 2 und 3) kénnen durch 27tigige Varia- 
tionen Schwankungen von A bis zu 140 db im Mittel auftreten. Tabelle la gibt 
einen Uberblick iiber die Auswirkung einer solchen Absorptionsinderung auf 
Funklinien verschiedener Frequenzen und Entfernungen. Die Spalte 4€ gibt die 
prozentuale Abnahme der Empfangsfeldstarke an, die bei einer solchen Erhéhung 
von A eintritt. Hiernach erfahren niedrige Frequenzen (3,5 MHz) schon auf relativ 
kurzen Entfernungen eine merkliche Beeintraichtigung, wihrend hohe Frequenzen 
(10 MHz) eine solche erst auf groé8eren Entfernungen erfahren. 


Tabelle la. Tabelle 1b. 





AA = 140 db AA = 400 db 





Frequenz | Entfernung 


Frequenz | Entfernung | 4) ra eue [MEH2) [km] Ubertragung 


[MHz] [km] 





-F 3,5 500 
“EB 500 
-F 1000 

E 1000 


3,5 500 
500 


6 1000 
1000 


10 1000 
1000 
2000 
3000 


F 1000 
-E 1000 
F 2000 
F 3000 


ee) — — 
i - <& oe - °* eS 
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In Tabelle 1b ist die prozentuale Abnahme der Empfangsfeldstirke fiir die 
gleichen Entfernungen und Frequenzen angegeben jedoch fiir eine A-Erhéhung 
um 400db. Dampfungserhéhungen dieser GréBenordnung treten nach Abb. 7 
im Winter sehr oft, im Sommer dagegen seltener auf. Die eintretenden Feldstarke- 
abnahmen sind nach Tabelle 1b recht beachtlich. Auf 3,5 und 6 MHz tritt auf den 
angegebenen Entfernungen insbesondere bei H-Ubertragung praktisch ein Total- 
ausfall der Verbindungen ein. 





* Ein erster Vergleich zwischen den Absorptionsmessungen von Slough und Absorptionsmessungen 
der Station Freiburg (p = 48,1° Nord, 4 = 7,8° Ost) ist bereits durchgefihrt [12]. 
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Durch 27tagige Variationen eintretende Absorptionsénderungen sind vielfach 
starker als die Anderungen der A-Monatsmittel von Monat zu Monat (Abb. 7, 
Sommermonate). Im Hinblick auf die Vorhersage von Ionosphirendaten wird 
man daher bei einer zukiinftigen Absorptionsvorhersage* sich nicht nur auf die 
A-Monatsmittel beschrainken diirfen, sondern man wird zusatzlich die 27tagigen 
A-Variationen beriicksichtigen miissen, wenn die Sonne eine in heliographischer 
Lange ungleichmaBige Fleckenverteilung zeigt. Die Bertcksichtigung dieser 
27tigigen Variationen ist nach vorstehenden Ergebnissen (Abb. 2 bis 4) in aqua- 
torialen Breiten (Singapore) ganzjihrig, in mittleren Breiten (Slough) dagegen 
nur wihrend der Sommermonate méglich. Eine Vorhersage der starken winter- 
lichen Absorptionsschwankungen in Slough (Abb. 7 rechts) scheint nach dem bisher 
vorliegenden Beobachtungsmaterial noch nicht méglich zu sein. 

AbschlieBend sei dem Department of Scientific and Industrial Research beson- 
derer Dank ausgesprochen fiir die groBziigige Verteilung der MeBwerte von Slough 
und Singapore [3] an die interessierten Institute und Organisationen. Nur hierdurch 
konnten die vorstehenden Ergebnisse gewonnen werden. 
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* Zur Zeit werden lediglich regelmaBige Vorhersagen der Grenzfrequenzen der Ionosphare heraus- 
gegeben (z. B. in [11]). Absorptionsvorhersagen werden noch nicht herausgegeben. 
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ABSTRACT 

The Electrical Engineering Research Laboratory of The University of Texas, under contract with the 
National Bureau of Standards, has for some time been monitoring on a continuous basis the signals 
received from several FM radio stations in Texas. Signal strengths received at Austin from KTSA-FM 
(San Antonio) and KIXL-FM (Dallas) have been used in the studies reported in this paper. 


Preliminary findings can be summarized as follows: 

(1) High signal strength is associated in general with maritime tropical air, and lower signals are 
in general associated with air of polar (continental) origin. This finding is demonstrated through the 
use of conventional synoptic weather map data, using surface meteorological parameters as air mass 
indicators. 

(2) The vertical gradient of index-of-refraction is seen to correlate with received signal strength, both 
through the known relationship between signal strength and height of super-refracting layer, and through 
the magnitude of dM/dh itself. 

(3) Atmospheric turbulence appears to exert some control over the reception of 100 MC propagation, 
presumably by means of a scattering mechanism of the kind proposed by BOOKER and Gorpow. 


1. INTRODUCTION 


Various aspects of one-way transmission of short radio waves over land have been 
under investigation by numerous individuals and organizations since the early 
1930’s ([4] pp. 336-353). These investigators have concerned themselves with such 
matters as the diurnal and seasonal variations of field strengths for wave lengths 
varying from a few centimetres to a few metres, over transmission paths from 
a few miles in length to many times optical path lengths. A quantitative approach 
to the propagation problem is probably impossible in the overland non-optical 
case, for reasons involving both earth surface characteristics and atmospheric 
structure. The studies to be reported in this paper are empirical in nature, therefore, 
and are similar to other studies in the literature involving different frequencies 
and path lengths. In general, an effort is made to find qualitative relationships 
between received FM signals and various atmospheric parameters. 

The Electrical Engineering Research Laboratory of The University of Texas, 
under contract with the National Bureau of Standards, has for some time been 
monitoring on a nearly continuous basis the signals received from several FM 
radio stations in Texas. Signals received from KTSA-FM (San Antonio) and 
KIXL-FM (Dallas) have been used in the studies reported in this paper. Both 
stations transmit approximately 100 MC (3 m) waves, over path lengths of 78 miles 
and 175 miles, respectively (Fig. 1). 





* Presented at the 114th National Meeting of the American Meteorological Society, 28-31 January 
1952 in New York City. 
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2. (CORRELATIONS WITH SURFACE PARAMETERS 


~s 


Relatively plentiful surface weather data can be used qualitatively in delineating 
the vertical structure of the atmosphere upon which radio propagation so largely 
depends. From the meteorological viewpoint, an extension of surface parameters 
into three dimensions takes place when these parameters describe an air mass. An 
air mass is characterized not only by relative horizontal homogeneity, but also by 
certain vertical distributions of temperature and moisture, depending upon type 
of air mass, season, time of day and modifications at the surface and aloft. Of 
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Fig. 1. Locations of VHF transmitters 2. Correlation of surface humidity and tropospheric 


and receivers in Central Texas. propagation. 


course, air mass structure cannot be explicitly stated from surface parameters alone. 
BooKERr [1] envisions an eventual specification of refractive index profiles to a suf- 
ficient degree of accuracy, purely from the data ordinarily available in synoptic 
meteorology. Data taken with the instrument described in a recent paper [3] offers 
perhaps a better solution to the problem, if regular synoptic schedules and coverage 
are planned for. Certainly such a measurement program is a feasible one, with 
suitable modifications to the present refractometer equipment. 

A correlation of the KTSA-FM signal with surface relative humidity is shown 
in Fig.2. Here, the median signal for the period 5-7 p.m. was determined for each 
of the 28 days of February, 1950. These daily median levels were then plotted on 
the same graph with mean 6 p.m. surface relative humidity determined from San 
Antonio and Austin data. In general, high signal level is associated with high 
relative humidity, and vice versa. Notable exceptions occur in early February and 
again on the 25th, indicating that surface relative humidity is not a completely 
reliable indicator of atmospheric structure during this period. 

The moisture content of the air near the ground, represented by surface dew- 
point, is fairly representative of an air mass, although not necessarily representative 
of its vertical structure. Surface dewpoint temperature as reported at San Antonio 
at the time of the midnight (0030 CST) weather map was plotted against the observed 
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hourly median KTSA-FM signal for 9-10 p.m. for the period 1 February through 
30 April 1950. A large amount of scatter was noted, but when ranges of dewpoint 
were chosen, and mean signal computed for those ranges, the results shown in 
Table 1 were obtained. 

This analysis suggested that an identification of the air mass occupying the 
radio path, as determined from the conventional synoptic weather map, might 
offer a means of explaining variations in the observed signal*. In this preliminary 
study, the identification was done entirely by inspection of the surface weather 
map alone, without regard for upper air data. There are doubtless some mis- 
identifications, although obviously doubtful cases have been eliminated from 
consideration. The results are summarized in Table 2. 


Table 1. Variation of signal strength Table 2. 
with surface dewpoint temperature Variation of signal strength with air mass 





Dewpoint Mean signal No. Ai ¥ Mean signal No. 
(° F) | of cases salient (db) of cases 
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* mT = maritime tropical; cP = continental polar. 





Again, a good deal of scatter was noted, such that some signal levels in maritime 


tropical air were lower than some in cP below mT. However, no signal higher than 
about 19 db above one microvolt per meter per kilowatt was received under condi- 
tions of cP below mT, whereas the maximum signal in mT or in cP becoming mT, 
was greater than 30 db. 


3. CORRELATIONS WITH SURFACE PARAMETERS, 
AUGMENTED BY REFRACTIVE INDEX PROFILES 


During May 1951, under sponsorhip of the Office of Naval Research, continuous 
field strength measurements were made on KIXL-FM, Dallas, Texas, at five stations 
located 50, 65, 106, 144 and 175 miles, respectively, along a path from Dallas to 
Austin (Fig.1). An examination of the time and distance variations of the received 
signals affords another means of observing some meteorological effects. The diurnal 
variation of the composite hourly median signal shows a signal maximum during 
early morning hours at all receivers well over the optical horizon from the trans- 
mitter, and a rather flat minimum during the middle of the afternoon (Fig. 3). 

A selected portion of these data (16-17 May 1951) is presented to show how 
surface parameters can fail to indicate air mass structure (Fig.4). This period is 
characterized by essentially uniform maritime tropical air moving over the path 
from the Gulf of Mexico. The uniformity, at least near the earth’s surface, is shown 





* Word has been received that the Naval Electronics Laboratory at San Diego, California, has under- 
taken a study of what might be called synoptic radio climatology, with emphasis on refractive index 
profiles characteristic of various air masses. Work of this kind is very worthwhile and should provide 


a good background for studies of the kind reported here. 
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clearly by the regular rise and fall of temperature and dew-point at Dallas, Waco 
and Austin, with practically identical traces at all three stations. Note, however, 
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that the usual early morning signal maximum is present on the 17th but not on the 
16th, at stations near the middle of the path as well as at Austin. That the air 
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mass was not completely uniform in vertical structure during the 36 hrs is shown 
by the radiosonde-derived refractive index curves at Fort Worth and Austin (Fig. 5). 
An essentially standard M-profile in the morning of 16 May develops into one 
exhibiting a pronounced refracting layer 24 hrs later, near 4000 ft at Fort Worth 
and near 5000 ft at Austin. On the night of 15-16 May, showers and thunderstorms 
were prevalent over the path, tending to destroy any tendency toward super- 
refraction by distributing low-level moisture through a considerable vertical distance 
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Fig. 5. Profiles of modified index-of-refraction at Fort Worth and Austin, 16-17 May 1951. 


in the atmosphere. On the night of 16-17 May, however, no such activity was re- 
ported, and low-level advection of Gulf moisture apparently yielded the refracting 


layer shown in the figure. 


4. CORRELATIONS WITH REFRACTIVE INDEX 
It has been pointed out that the vertical gradient of index-of-refraction is the con- 
trolling factor in much of tropospheric radio propagation. It is known, moreover, 
that the observed strength of a received signal depends greatly on the height of 
the refracting layer. A scatter diagram of these two variables for February and 
March, 1950 is shown in Fig.6. It is seen that low signal accompanies a high level 
of refracting layer and vice versa. 

Some marked exceptions to the overall pattern of signal versus height of refract- 
ing layer are also shown in the figure. For the most part, refracting layers less than 
500 ft in thickness appear to be ineffective in producing high FM signals, with the 
exception of the duct based at 7100 ft when the signal strength was observed to be 
25-5 db above one microvolt per meter per kilowatt. Also, no particular pattern is 
evident in the dM/dh ranges selected. Further studies seemed to indicate that the 
value of vertical gradient of refractive index exercised some control on the received 
signal strength. These studies finally led to the results shown in Fig.7, where the 
same basic variables of signal strength in ordinate and height of base of refracting 
layer in abscissa are shown. The contours are of vertical gradient of refractive index, 
in M-units per 100 ft, and the period of time has been extended to include 1 February 


through 31 July 1950. 
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As might be expected in general, the contours bear out the pattern of high 
signal level with low height of base of refracting layer for a given d M/dh, but there 
are some important exceptions. When the mean refracting layer is based near 


| FEB SO- ved MAR SO 9-10 PM @M/dh -IN M-UNITS PER 100 FEET 


<0 (DUCT) 





5TH, DECIBELS 


STRENC 


SIGNAL 








° ° 20 30 40 50 60 70 80 90 >90 
HEIGHT OF SUPERSTANDARD LAYER, HUNDREDS OF FEET 
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standard. A further study showed that this second condition occurred in general 
only when there was more than one refracting layer, and the major contribution to 
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this condition came from the upper layer in most cases. This would seem to indicate 
that multiple refracting layers, or perhaps refracting layers of large thickness contrib- 
ute as effectively to an enhanced signal as do single (or somewhat thinner) layers 
when they are highly super-refracting. This suggests further that the apparent 
height dependence is not necessarily real, but that it merely reflects the fact that 
multiple layers take up more vertical space than do single layers. 


5. CORRELATIONS WITH ATMOSPHERIC TURBULENCE 


The hypothesis that scattering of FM radio signals by turbulent eddies in the atmos- 
phere provides a means of anomalous propagation [2] has led to a brief study of 
the relation between atmospheric turbulence and FM signal strength. 

It is desirable to have some means of determining the linear scale and vertical 
extent of atmospheric turbulence from standard meteorological measurements. The 
Richardson criterion establishes, by use of the concepts of vertical wind shear and 
lapse rate, a condition for the increase or decrease of turbulence. The relation may 


alicia ‘Ou \2 ev \2 Ky 1 (eT 
(oe) + (33) 29a Fae +7): 

Here uw and v represent the horizontal wind components at a given level. The 
acceleration of gravity is represented by g, Ky is the eddy conductivity coefficient 
and K,, is the eddy viscosity coefficient. The mean absolute temperature of the 
layer is given by 7’, and the quantity in parentheses represents the difference between 
the environment lapse rate and the dry adiabatic rate. For the purposes of this 
investigation, g has been assumed constant, and the ratio of the eddy coefficients 
taken to be unity. PETTERSSEN and SwINBANK [5] have shown in a rather neat 
fashion that a more reasonable value for the ratio is near two-thirds. This change 
would have the effect of shifting the zero point of the turbulence axis, but would 
not affect the correlations attempted in this study. 

If we indicate the left-hand side of the above inequality by « and the right-hand 
side by f, then the criterion can be written 


a—fB>0O “turbulent”’ 
a— <0 ‘“‘non-turbulent”’. 


The inequality does not make any claim as to the determination of the degree of 
turbulence. Nevertheless, according to H. G. HouGHTON (private communication) 
recent studies at Round Hill, Massachusetts, indicate that the Richardson criterion 
expresses the degree of turbulence better than any other single parameter available. 

The period chosen for study was November 14 to 21, 1950. During this period, 
hourly mean values of the strength of the KIXL-FM (Dallas, Texas) signal as received 
at The University of Texas were available. Winds aloft and radiosonde reports for 
San Antonio were available for twelve out of fourteen observation periods. For each 
period when simultaneous radiosonde and winds aloft observations were made 
at San Antonio, the values of « and f were calculated for the layer from ground 
surface to 1000 ft MSL and for each 1000-foot layer to 10000 ft, for each 2000-foot 
layer from 10000 ft to 20000 ft, and for a 5000-foot layer above 20000 ft. The 
resulting values of «—f were then plotted on a height-time cross-section and iso- 
pleths of ‘‘turbulence” drawn (Fig. 8). 
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An estimation of the overall effect of atmospheric turbulence on received signal 
during this period is shown in Fig.9, where signal strength is plotted against the 
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Fig. 8. Time versus height diagram of atmospheric turbulence as determined from the application 
of the Richardson criterion to radiosonde and pilot balloon data at San Antonio, Texas. 
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turbulence values summed algebraically over the height interval from the surface 
to 25000 ft. With important exceptions, high signal seems to accompany relatively 
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San Antonio may not always have been representative of the path. Moreover, the 
relative effects of refracting layers and scattering have not been separated. In this 
preliminary study, then, all that can be said is that there is direct meteorological 
evidence that the magnitude and sign of signal strength and atmospheric turbulence 
agreed over the Dallas to Austin path during the period under study. Extensions 
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Fig. 9. Signal strength (KIXL-FM) received at Austin versus 2 turbulence surface to 25000 ft 
over San Antonio, 14-2] November 1950. 


of the research will need to insure representative meteorological data over the 
radio path, and will need to attempt the separation of scattering and refraction 


effects. 

It should be mentioned that while the effects of scattering by turbulent eddies 
upon radio propagation have been investigated experimentally from the radio 
point of view (i.e., with directional antennas) [6]. it is believed that the study 
reported here is the first effort to treat the problem of scattering on a macroscale 
from a purely meteorological viewpoint. 
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ABSTRACT 

The ionization produced by the alpha rays of radon, thoron, and their successive products in the atmos- 
phere was measured in the garden of the Seismic Station of Fordham University from October 1949 
to July 1950. The results of the observations in November and December have been published previously 
by Hess and Vancour. On account of an error which was overlooked at that time the whole series 
of observations had to be recomputed, including the unpublished results of 1950. 

Samples of air from outdoors were filled into a large ionization chamber which was evacuated 
previously and was standing in an iron house with walls thick enough to shield off local gamma rays. 
The background was so low that it was possible to measure the ionization by alpha rays of the products 
filled into the chamber and to follow up its diminution for several days. It was found that the average 
radon content amounted to 54 x 107}8 curies per cm, 

The total average ionization produced by the alpha rays from radon and its decay products was 
about 0:70 J while thoron and its decay products give 0-54 J, or about 44% of the total ionization due 


to alpha rays. 


1. Discussion oF METHODS 


The Alpha rays from Radon, Thoron, and their successive products produce a very 
considerable ionization in the lowest part of the atmosphere; they contribute in 
general at least as much to the total ionization as cosmic rays, at sea level. 

The methods used for quantitative determinations of the amounts of these 
radioactive products in the atmosphere can be classified as indirect and direct 
methods. 

The indirect methods are based on the fact that the decay products RaA and ThA 
are initially positively charged and therefore can be collected from a quantity of 
air flowing through a strong electric field (Elster and Geitel,Gerdien). The percentage 
of charged particles collected is however extremely variable and therefore it is 
difficult to derive the actual total amount of Radon, Thoron and successive products 
present. Numerous measurements over land and over the oceans have been made 
with this method, in spite of its limitations. Another indirect method consists in 
the deposition of radioactive matter from a given amount of air by point discharge 
(corona), as suggested by Sexxa [1]. This method was tried out first by Miss 
G. ALIVERTI [2] and improved by Macexk and ILLING [3] who showed that when 
air is passing through a cylindrical condenser equipped with numerous sharp points 
and corona discharge is maintained radioally between the inner and outer cylinder 
practically all radioactive matter can be deposited on the electrodes except the 
gaseous products radon and thoron. The same method in a modernized arrangement 
was used recently by WILKENING [4]. The question whether radon itself is deposited 
at all or partly adsorbed by the walls of the corona chamber was never decisively 
answered. 

Direct methods for the determination of the radon content of air were used 
by Eve [5], Satrerty [6], ASHMAN [7], WiGAND [8] and Otvaic [9]: the radon gas 


172 





Radon, Thoron, and their decay products in the atmosphere 


was absorbed by charcoal or condensed at temperatures of —150°C and afterwards 
transferred into ionization chambers. 

SCHWEIDLER and ZLATAROVIC [10] filled air samples into an evacuated large 
chamber, measured the ionization after filling and then de-emanated the air in the 
chamber by absorbing radon by circulating the air through a special absorbing 
carbon preparation. The difference in the ionization obtained before and after 
removal of the radon gives the effect of radon in a known quantity of air. Hess [11] 
used a differential ionization chamber method, thus compensating for the cosmic 
ray background. 

In 1950 Hess and Vancour [12] published in this journal a series of measure- 
ments carried out on the campus of Fordham University in New York. These 
measurements were later continued VAaNcouR [13] in the spring and summer 1950. 
The method is also based on the introduction of a large sample (13 to 45 1) of atmos- 
pheric air into an evacuated ionization chamber which is screened from local radio- 
tions by an iron wall, 10 cm thick, on all sides in order to reduce the background 
ionization. 

A revision of the formulas used in [12] and tables with the final results of our 
measurements in 1949-1950 will be given. The revision was found necessary on 
account of an error which will be discussed below. 

It is clear that an air sample brought into an ionization chamber will show an 
ionization which is not only due to radon and its successive products, but also due to 
Thorium B and Thorium C (Thoron and ThA decay so rapidly that they cannot be 
measured on account of the short time available). 

What we really measure is the total ionization produced by (Rn, RaA, RaB, 
RaC) and (ThB and ThC). If we calibrate the ionization in curies we therefore get 
the ‘“‘radon-equivalent”’ of all products mentioned above. This is the quantity of 
radon (expressed in curie per cm’) which would produce the same ionization which 
we measured in each individual case. 

In our previous paper a formula was also derived which gives the relative 
amounts of radium and thorium products if the activity was measured at two 
different times, a day or two apart. On account of the small amounts of activity 
these measurements are not very accurate, except in cases where the total amounts 
of activity are higher than background. 


2. MEASUREMENTS OF R. P. VANCOUR, REVISED 


Purpose of present paper is to give the revised formulae and a complete list of the 
corrected values of VANCOUR’S measurements (November 1949 to July 1950) at 
Fordham. 

The percentage of Thorium products can only be determined on days when the 
absolute amount of active material introduced in the ionization chamber is fairly 
high. 
ott is clear that our method requires a very low background of the ionization 
chamber. This is accomplished when the chamber is used within a large iron house 
(walls 10cm Iron) so that the chamber is shielded from local gamma rays. The 
background is measured after filling the chamber with air free of radon from a tank 
of compressed air, aged at least one month. It amounted to about 1-6 J. 
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The ionization observed immediately (within a few minutes) after filling an 
evacuated chamber is often considerably higher than it is later. This effect is probably 
due to the introduction of large ions when the air is streaming through the valve of 
the high-pressure cylinder; They must be ions of low mobility since it takes up to 
30 min to sweep them out by the electric field. If the air sample from outdoors is 
introduced in an evacuated chamber, similar effects are noticed. We tried to insert 
a tube filled with cotton and a drying tube between the intake and the chamber 
but it was soon found out that part of the radon is absorbed by a cotton filter. 
Therefore it is better to omit any tightly packed filters and to use only clean freshly 
cut small cubes of sodium as a drying agent in the tube. Phosphorus pentoxide 
is not suitable because finely powdered P,O, may be carried along into the chamber. 
For accurate determinations it is best to let the air sample which is filled into the 
evacuated chamber stand for about two to three hours until the equilibrium of Rn 
with its successive products is established. The activity due to Rn diminishes then 
with a half life period of 3-82 days while the activity due to Thorium B and C 
diminishes at a much faster rate (Half life 10-6 hrs) so that after 3 days only the 
Radon products remain. 

When atmospheric air is introduced in the chamber it produces an ionization q, 
(measured after 3 hrs) which, added to the ionization produced by cosmic rays (q,) 
and the residual (wall) radiation (q,) gives a total effect of 


G=UWt+4 + Ix 


Measuring (q, +q,) in the chamber before the experiment we obtain the alpha ray 
effect, as measured one to three hours after the air sample was introduced. q, is 


due to the alpha rays from (Rn+RaA...) and (ThB+ThC-+ ---). 

Denoting the decay constant of Rn with A, (2-097 x 10-6 sec“!), of ThB with A, 
(1-82 x 10-5 sec!) we will call 2 the fraction of g, which is due to (Rn-+ decay 
products) while the fraction (1—z) is due to (ThB+ ThC). The decay of Rn within 
the first three hours is almost negligible. 

When we measure the ionization at a time ¢ after the first measurement (about 
12 to 24hrs later) we get an ionization gq, which is somewhat smaller than q,: 


aie 


2.g,.e *'+(1—2).q,-€ 


From this formula we can compute the relative contribution of the Rn products 
and of (ThB-+ ThC) in each atmospheric air sample tested. 

A number of such determinations was carried out by VaNcouR and myself in 
the autumn of 1949 and in the spring and summer of 1950. Part of these data was 
published [12], however it is now necessary to revise these figures for reasons given 
below, adding the hitherto unpublished results of the measurements carried out in 
the spring and summer of 1950. 

A slight correction has been applied already in the previously published data 
on account of the fact that alphy rays emitted from points near the wall of the 
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chamber are not fully utilized. The empirical formula of DuaNE and LagBorpbE [14] 
can be used for this correction. If A denotes the surface and W the volume of an 
ionization chamber the corrected value is obtained by dividing the measured values 


by (1 — 0-572 *). This factor amounts to 0-857 for our 131 chamber and 0-905 for 


the 451 chamber. One can assume that this formula holds also approximately for 
(ThB+C). 

The values of q, in the following table are already corrected in this manner. 

The computation of the radon equivalent in curies per cm® from the ionization 
observed one to three hours after filling the chamber is based on values given in 
Sr. MEYER and SCHWEIDLER’S book on radioactivity, (TEUBNER, 1927, p. 629): 
1 curie (radon) per cm in equilibrium with RaA ... RaC would give a saturation 
15544 ie +220) _ 6.91 x 108 





current of 2-75 x 10° e.s.u. multiplied with a factor 


€.8.U. 
The factor $ has to be used since the RaA and RaC atoms are deposited on the 


walls by the electric field and therefore only one half of their ionizing power is 
effective; this has been overlooked in the previous publication of myself and 
Vancour [12]. 
Therefore the amount of 10-16 curie of radon corresponds to 
6-21x10**x10-% 
zexiow — — 129e!- 


(‘‘I”? denotes the number of ions produced per cm? and sec.) 





According to this notation the values ‘‘radon equivalent in curies per cm®”’ are 
given in the third column of Table 1. 

The figures for the observed ionization (qg,) and, consequently, also the figures 
for the “‘radon equivalents’’ differ considerably from the ones published previously 
for November and December [12]. The reason for this is that J omitted now all 
readings taken immediately after filling the chamber and took instead only readings 
taken at least one hour after filling, thus avoiding values which were possibly 
falsified by the “‘large ion effect”? which is very much in evidence within the first 
hour. 

The average ‘‘radon equivalent” of atmospheric air at Fordham given below 
represents practically the annual mean value since measurements from October to 
July were used for this average. 

The average for October-July for the radon equivalent is 67-7 x 107 curie 
per cm? which is in fair agreement with the value V. F. Hess obtained with another 
method [11] in 1941/42 at the same point of observation. 

The percentage of thorium products (ThB-+ThC) was computed in all those 
cases where the total ionization (q¢,) measured was conveniently high so that the 
effect could be measured at a subsequent time with sufficient accuracy. These data 
are given in the subsequent table where the fraction x of (Radon plus decay products) 
is given (using the formula given on p. 177). 

The ionization produced by the radon decay products, therefore, amounts to 
79-5% of the total average ionization measured. 

Since the number of ions produced by each alpha particle of ThA is 1-92 x 10°, 
of ThC 1-71 x 10° and of ThC’ is 2-54 x 105 while it is 1-23 x 10° for thoron itself 
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Table 1 





T 
Date | Gy (corrected ) 


Radon equivalent 
(curte per cm) 


| Radon equivalent 


| 
Date Io, (corrected ) | (curie per em) 





October 21 1-13 1 | 2Ixie* May 1 0-39 I 30 x 10718 
November 3 1:38 I | 107 x 10-18 May 2 0-68 I 53 x 10-18 
November 4 0:97 I | 96x20 May 3 0:86 I 67 x 1078 
November 7 | 1:69 I { 131 x 10-38 May 4 1-02 I 79 x 10-18 
November9 | 2-38 I | 184 x 10718 May 9 0-53 I 41 x 1078 
November10 | 1-197 x 10-* May 10 1-41 I 109 x 10-1 
November 14 | 0:93 I | x 10718 May 11 0-62 I 48 x 10718 
November 15 | 1-13] | ~ie? May 12 0-95 I 73 x 1078 
November 16 | 1-01 I | x10 May 15 0-19 I 15 x 1078 
November 21 | 0-81] , 10718 May 16 | 0-721 56 x 10-18 
December 2 1:07 I | x 10-18 May 17 0:42 I 33 x 10-18 
December 6 0-51 1 x 10-18 May 19 | 1-12] 87 x 10-18 
December 9 | 0-64 I x 10-18 May 22 0-711 55 x 10-18 
December 14 080 I | x 10-18 June 2 | 0-57 I 44 x 10-18 
December 19 1-39 I | 10-18 June 7 1-05 I 81 x 10-38 
March 16 0-57 I 10-18 June 12 0-58 I 45 x 10-18 
March 20 | 0-617 | 10-18 June 14 | 0-42 I 32 x 10-38 
March 22 | 0-68 I | x10—= June 15 0:27 I 21 x 1078 
March 23 0-70 I | x 10-18 June 16 0:90 I 70 x 10718 
March 28 1-36 I x 10-18 July 5 1-41] 109 x 10738 
March 29 0-55 I x 10% July 6 0-76 I 59 x 10738 
March 30 0-18 I < 10748 July 8 0-62 I 48 x 10718 
March 31 0-121 x10 July 11 1-02 I 79 x 107'8 
April 3 1:33 I . 10-18 July 12 | 0-571 45 x 10718 
April 4 0-79 I | x 10-8 July 13 | 1-48 I 114 x 10718 
April 6 | 0207 | , 10-38 
April 13 | 0-34 1 < 10° Average 67-7 x 10-8 curie/em? 
April 14 1-197 x 10-# 
April 17 1-04 I ) x 10-18 
April 24 1-49 I o- 
April 25 1-52 I xo 
April 28 1-53 I x 10-18 

















Table 2 





Fraction x 


Date (Rn decay products ) 





November 7 0-82 
November 9 1:00 
November 10 0-82 
November 16 0-93 
December 19 0-53 
April 14 1-00 
April 17 0-69 
May 4 0-88 
May 10 0-63 
July 6 0-65 


Mean 0-795 
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and since ThC’ amounts to 65 % while ThC amounts to 35 % of the branched products, 
the average ratio f of the ionization produced by (ThB+ThC) to Thoron plus 


successive products is 


i 4 [(0-35 x 1-71) + (0-65 x 2-54)] x 105 _ 1124 _ 9.999 
{1-23 + 4 [1-92+ (0-35 x 1-71) + (p-65 x 2-54)]}x10° 3-315 : 


Therefore, if we obtain an average of x=79-5% for the radon family and 
(1—z) = 20-5% for (ThB+ ThC), the latter value would have to be raised if we 
want to include Thoron and ThA which were not measured, on account of their 
rapid decay*). 

The content of radon plus decay mpatecta was found to be 67-7 x 10-8 x 0-795 = 
53-8 x 10718 curie/cm’. 

Therefore, the equivalent of thorium products, including thoron would be 
i = a = 41-0 x 10-8 equivalent curies per cm’. 

Also, it can be seen that the ionization produced by radon and its decay products 
at our point of observation (garden of the Seismic Station, Fordham University) 
is 53-8 x 10-8 curie/em*® which corresponds to 0-70 I while thoron and its decay 
products are equivalent to 41-0 x 10-8 curie/em® and would give an ionization of 
0-42 x 1-294= 0-53 I. 

The conclusion is, that the total ionization by alpha rays of radon and thoron in 
equilibrium with their successive products is 0-70+ 0-53= 1-23 per cm? air at 
our point of observation. Of this amount, 43-0% is due to the alpha rays of thoron 
and its successive products. 

The absolute amount of ionization produced by the alpha rays of radon and thoron 
and their decay products in New York is considerably lower than it is found, in 
general, over land: Hsss [15] estimated it as 2-75 J for the radon products and 1-65] 
for the thoron products. The relative amounts of the latter (43-0% of the total) 
found at Fordham agree very well with previous estimates of EvE [16] and Hxss [15] 
who found that the thoron products contribute 38 % of the total ionization by alpha 
rays in the lowest part of the atmosphere. 

It may be of interest to repeat measurements with our method in other localities 
where the total amount of radon in the air is higher than in New York. 
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*) This formula again is different from the one published in [12], avoiding the error therein. 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs) and LeRwIcK (Le) 
December 1952 


The figures given below represent the A’-indices for three-hour intervals, beginning with 00-03 hrs 
for the first and ending with 21-24 hrs for the eighth figure. 


December 1952 





Ab Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K= 9: 1000y 





K-Indices K-Indices K-Indices 





1234 4455 1123 3454 1112 2454 
4333 5446 4323 4435 4323 5545 
3434 3334 2433 3234 3332 2234 
6344 4454 5333 4344 5333 4345 
4334 3252 3223 3142 4323 3242 
1222 1322 é 1221 1221 1211 1321 
2111 2231 2111 1231 2111 1131 
2112 2211 2001 2101 2111 1101 
1011 2010 5 0000 1010 0001 1011 
1211 1343 j 0101 2342 1111 2342 
1332 2231 2331 1231 ) 1322 1231 
2132 4322 2122 3311 2122 3311 
3453 4232 3443 3231 ‘ 3444 4121 
1111 1113 0101 1002 1101 1101 
4323 3302 3223 2211 j 3213 2211 
1212 3333 1112 2223 1111 2223 
2231 2113 i 2221 1003 2221 1103 
3312 3342 y 2201 2232 2301 2141 
3112 1111 3001 0001 3111 1112 
292% dd 0001 1010 111 2111 
OO11L 2111 OOOL 1100 0001 2111 
1111 3231 ‘ 1011 3222 1111 2322 
ie Ie ee | 1001 0010 1111 i111 
2324 5543 y 1213 5443 1213 5534 
4424 4223 f 3323 3222 y 3423 3223 
3232 1312 3122 1312 i 2222 1312 
3322 2236 3222 2135 y 3221 1137 
4133 4444 3112 3344 4212 3344 
4334 3555 4334 2455 4323 2554 
4433 3544 4323 3544 4332 3544 
4233 3445 3123 2445 3232 2344 


1 
2 
3 
4 
5 
6 
7 


CAA Or WD 
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Book review 


Advances in Electronics. Edited by L. Marton, Washington. Vol. III: XII + 357 pp. Academic 
Press Inc., New York 1951. $ 7.50 


This volume consists of nine sections. In Section I Dr. AsHwortu gives a fascinating account of studies 
of field emission from both clean and contaminated metallic surfaces using the field emission micro- 
scope. The principle of this instrument is very simple but its successful application requires a great deal 
of skill and incisive analysis. Field emission intensities from different crystal faces are discussed together 
with a number of alternative hypothesis for explaining results so far obtained. An interesting study of 
surface absorption on metallic crystal surfaces is also given and experimental results obtained so far 
confirm the hypothesis that the absorbed foreign atom layer has to fit structurally to the absorbent 
surface with a minimum of lattice strain. 

The second section upon velocity modulated tubes is contributed by the joint authors Drs. GINzTON 
and CHowpDEROow of Stanford University and Drs. WARNECKE and GUENARD of the C-S-F Laboratories, 
Paris. Work done in the last few years has shown that velocity modulated tubes have important poten- 
tialities for high powers and it is of value to have the position reassessed. A useful summary of klystron 
theory is given in Chapter 3 while in Chapter 4 the various classes of modulation are outlined. From 
the figures quoted in the text it is clear that important advances in this field are being made. 

Sections 3 and 4 deal with the electronic theory of the planar and cylindrical magnetrons. In the 
first of these sections BRILLOUIN and in the second BriLLouIN and Bock have produced an extensive 
review of the static solutions of the magnetron problem which were investigated as long ago as 1944 but 
have up till now not been published. For the planar single anode magnetron the possible self-consistent 
electron orbits with space charge limited operation are derived. Out of this infinite set of possible steady 
state solutions BRILLOUIN concludes that the parallel stream steady state is the only one which is stable. 
The problem of self oscillation is not discussed. An interesting theorem of some importance is proved. 
It is shown that when the current is space charge limited and positive from the cathode the trajectories 
will not cross each other. Early work suggested this was so but no analytical proof has previously been 
given. 

In the next section the analysis is extended by BRILLOUIN and Brock to the more complicated case 
of the cylindrical magnetron. It is not found practical to obtain an analytical solution for the static 
case but approximate treatments are derived. In the analysis a striking difference between the planar 
and cylindrical magnetron is brought out for ratios of anode to cathode radius greater than 2-273. 

The next two sections upon tube miniaturization, by J. E. WuIrr, and subminiaturization tech- 
niques by GUSTAVE SHAPIRO, give useful reviews of the present state in these important fields. The 
advances which have made sub-miniaturization possible are outlined and it will surprise many readers 
to see that there are already over 100 types of sub-miniature tubes commercially available in America. 
In these sections a well-balanced review of the sub-miniaturization field is given. It is recognised 
that while important advantages are to be gained there are still several major outstanding problems 
to be solved before subminiaturization will come fully into its own. 

Section 7 entitled Principles of Pulse Code Modulation by H. F. Mayer can be highly recommended 
for the extremely lucid way in which it presents the fundamental concepts of probably the most impor- 
tant advance made in the communications field for very many years. It shows clearly and quantitatively 
why pulse code modulation is successful as a noise cleaning method and the startling improvement 
which can be gained by its use compared with amplitude modulated transmission. 

Section 8 upon Modern Methods of Network Synthesis by Professor GUILLEMIN gives a very com- 
pact and useful summary of the most essential principles and procedures used in modern passive net- 
work synthesis. Mathematical in form it is not written for the reader unfamiliar with the field but rather 
to set out for the designer the principles underlying the theory which he uses. 

Section 9 upon Communication Theory by Mayer LEIFER and W. F. ScHREIBER forms a palatable 
introduction to this increasingly important subject. A summary of earlier work leads to a more detailed 
exposition of the communication problem and the answers being given by the modern approach led by 
SHANNON. Mathematics is kept to a minimum; the principal theorems are stated and illustrated by 
examples and the section concludes with a discussion on television bandwidths. 

D. W. Fry 





1953 Conference on Radio Meteorology 


1953 Conference on Radio Meteorology 


The University of Texas will be host to a Conference on Radio Meteorology scheduled for the 
second week in November, 1953. This meeting will be jointly sponsored by the American 
Meteorological Society, the Radar Weather Conference, the Institute of Radio Engineers through 
its Professional Group on Antenans and Propagation, National Commission II on Tropospheric 
Radio Propagation of the International Radio Scientific Union and the Joint Commission on 
Radio Meteorology. An approximate four day conference is planned with sessions on such 
topics as tropospheric radio wave propagation mechanisms, radar storm detection and rainfall 
determination, cloud physics, turbulence, spherics, refractive index climatology and forecast- 
ing and atmospheric reflections. No simultaneous sessions are planned and a combination of 
invited review type papers will supplement individually submitted reports on specific research 
activities. 

A call for papers will be issued during the first months of 1953 in sufficient time to permit 
the advance publication of approximate 1000-1500 word abstracts. Further information may 
be obtained from any of the following members of the Steering Committee for the 1953 Confe- 
rence on Radio Meteorology : 

1. L. G. CumminG, Technical Secretary, Institute of Radio Engineers, 1 Fast 79 Street, 
New York City. ‘ 

2. J. R. GERHARDT, Assistant Director, Electrical Engineering Research Laboratory, The 
University of Texas, Austin, Texas. 


3. W. E. Gorpon, Secretary, Joint Commission on Radio Meteorology, School of Electrical 
Engineering, Cornell University, Ithaca, New York. 


4. Martin Kartzin, Director, Wave Propagation Research Branch, Naval Research Lab- 
oratory, Washington, D.C., representing URSI National Commission II. 

5. J. S. MARSHALL, Associate Professor of Physics, McGill University, Montreal, Canada, 
representing the Radar Weather Conference. 

6. NEWBERN SmiTH, Director, Central Radio Propagation Laboratory, National Bureau 
of Standards, Washington, D.C., representing the IRE Professional Group on Antennas and 
Propagation. 

7. K. C. SPENGLER, Executive Secretary, American Meteorological Society, 3 Joy Street, 
Boston, Massachusetts. 
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Anomalous loss of condensation nuclei in rubber tubing 


P. J. Nowan and P. J. Kenny 
University College, Dublin 
(Received 18 July 1952) 


ABSTRACT 


A large non-diffusion loss of condensation nuclei from air drawn through rubber tubing is investigated. 
The loss is found to be mainly a loss of charged nuclei and appears to be associated with charges produced 
in the rubber by bending. A summary of a number of important diffusion formulae, one hitherto 
unpublished, is included. 


During the course of work on condensation nuclei with a photo-electric counter 
it was found that when air containing nuclei was drawn through rubber tubing a 
loss much larger than the normal diffusion loss occurred. The present paper 
gives an account of the investigation of this anomalous loss. 

We first give a summary of various diffusion formulae applicable to particles 
of any size. Although we used cylindrical tubes we include, for the sake of com- 
pleteness formulae for narrow channels of rectangular cross-section. An un- 
published ‘“‘small loss’’ formula of KENNEDY is included. 

For cylindrical tubes TOowNSEND’s formula (1899) is 

n/n, = 0-7808e~*3134 + 0-0972e- 44% 

where n, is the particle concentration at the entrance, n is the concentration at a 
distance | along the tube, h = zl D/2Q, D is the diffusion coefficient and Q is the 
volume of gas passing through the tube per second. This formula fails when the 
loss is small; for h = 0, n/n, = 0-888. In applying the formula to the measure- 
ment of D for small ions this defect is overcome by a differential method (Town- 
SEND, 1899; NonLan and NEvIN, 1930). 

GORMLEY and KENNEDY (1949) obtained the formula 

n/n, = 0-8191e—7314#* 4 0-0975e~ 44 +. 0-0325e~ 114" 

giving n/n, = 0-949 for h = 0. 

They also deduced a formula suitable for small values of h 

nin, = 1 — 4:07h73 + 2-4h + 0-446h43 
The formulae are compared in the following table. 
h 0-005 0-01 0-015 0-02 0:03 0-05 0-07 0-1 

(i) n/n, 0-886 0-834 0-790 0-751 0-685 0-579 0-495 0-395 

(ii) nin, 0894 0836 0-790 0-751 0-683 0576 0-489 0-384 

There is virtual agreement over a large range of values of h. The importance 
of formula (ii) lies not so much in its use for the determination of diffusion coeffi- 
cients as in its application for the estimation of losses in connecting tubes. 


SMALL Losses 
h 0-0001 0-0002 0-:0005 0-001 0-002 
percentage loss 0-85 1-34 2-44 3-8 6-0 
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One percent loss corresponds to h = 0-00013 and would occur with a tube a 
metre long, an air-current of 20cm* per sec and particles of diffusion coefficient 
17 x 10-§ cm?/sec. The diffusion coefficient of atmospheric condensation nuclei 


is of this order. 
THIN RECTANGULAR TUBE 
The formula obtained by P. G. GorMLEyY (1938) for a thin rectangular tube is 


n/n, = 0-9099e—782754 +. 0-053 1e— 32145" (iii) 


where h = ; D, 1, Q have the same meanings as before; 2a = depth and 


b = breadth; a is small compared with b. This formula gives n/n, = 0-963 for 
h = 0. Unpublished formula of M. KeENNEpy for small values of h is 


nin, = 1 — 1-53h7° + 0-15h + 0-03A*" (iv) 


Formulae (iii) and (iv) compared. 
h 0-01 0:02 0-04 0-06 0-08 0-10 0-12 0-15 0-20 
(ili) n/n, 90-9231 0-888 0-827 0-776 0-730 0-688 0-649 0-596 0-517 
(iv) n/n, 0-9305 0-890 0-827 0-775 0-729 0-687 0-648 0-593 0-510 


Again we note good agreement over a large range of values of h. 


SMALL Losses 
h 0-001 0-002 0-004 0-006 0-008 0-01 
percentage loss = 1-52 2-40 3°79 4-96 6-00 6-95 
One per cent loss corresponding to h = 0-00052 would occur in a tube 9 cm 
broad, 0-4 cm deep and 100 cm long with an air current of 200 cm? per sec and 
a diffusion coefficient of about 17 « 10~-§ em?/sec. 
SETTLING UNDER GRAVITY 
W. B. Morton (1935) has investigated the settling of particles from a gas flowing 
along a tube of circular cross-section for Poiseuille flow and for turbulent flow. 
For a loss of 10°, we obtain from his results for Poiseuille flow Q@ = 20zulr where 
u is the velocity of fall and r is the radius. The average velocity of fall of atmos- 
pheric nuclei is about 5  10-° cm per sec. If we assume / = 100 cm and r = 0-5 
cm we find that for a 10% lossQ = 0-16 cm? per sec. If we assume u = 10 » 107% 
and / = 1000 cm a 10°, loss ¢s given by Q = 3-1 cm? per sec. The smallest air- 
current used in the present wo1k was 33 cm? per sec. The loss caused by settling 


under gravity is negligible. 
LarGeE RvuBBER Loss 


The large rubber loss was detected during the investigation of the nucleus loss in 
the intake and connecting tubing of a photo-electric nucleus counter (NOLAN 
and Potiak, 1946). A loss of about 10°, under the actual conditions of our 
experiment was found to occur mainly in a short length of rubber tubing. Lengths 
of rubber, brass, plastic and glass tubes were tested with the same air-current 
and with room nuclei. It was found that the large loss occurred only in the rubber 
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tubing. Although the anomalous loss is not an ordinary diffusion process it is 
convenient for the purpose of contrast to calculate diffusion coefficients by means 
of the formulae (i) and (ii). For the rubber tubing the diffusion coefficients varied 
between 600 and 4,000 x 10-§ cm?/sec the median of 21 values being 2,200 « 10-8; 
for brass, plastic and glass the values lay between 50 and 200 x 10~®, the loss 
being only a few percent. The latter values are much larger than the normal 
diffusion coefficients of nuclei in room air; values lying between 5 and 25 x 10-8 
have been obtained (NoLAN and DoHeERTY, 1950) with a special diffusion apparatus 
giving a large loss. 


REDUCTION OR REMOVAL OF ANOMALOUS LOSS 


The loss in rubber tubing can be reduced to the same order as the loss in tubing 
of other materials by various treatments. Rinsing the rubber tubing with water 
or glycerine removes the anomalous loss. The loss returns when the coating of 
liquid is removed from the inside of the tube. Coating the rubber tubing on the 
outside with colloidal graphite almost eliminated the large loss. Coating the 
inside with vaseline did not appreciably affect the loss. 

Since with the tube-lengths and air-currents used the normal loss is of the 
order of a few percent we cannot place much reliance on comparative figures. 
But of the three removal treatments the glycerine seemed the most effective and 
the graphite the least. Certainly we would recommend the glycerine treatment 
in experiments in which rubber tubing is used and in which it is desirable to 
eliminate the large loss. In the case of the glycerine treatment repeated cleanings 
were required to restore the full loss. 

The normal diffusion loss has been shown to be the same for charged and 
uncharged nuclei (ScRASE, 1935; NoLan and DEIGNAN, 1948). The experiments 
just described suggested that the anomalous loss was electrical in origin. 


Loss oF CHARGED AND UNCHARGED NUCLEI 


By a method previously described (NOLAN and DoHERTY, 1950) measurements 
of Z the total concentration of nuclei and of NV, the concentration of uncharged 
nuclei were made (1) directly with room air and (2) with room air which had 
passed through a length of rubber tubing. Similar experiments were conducted 
with nuclei stored in a gasometer. The method in brief is that air is drawn through 
two identical cylindrical condensers in parallel. A field sufficient to produce 
saturation is applied between the electrodes of one condenser and the electrodes 
of the other condenser are earthed. A counter in series with the first condenser 
gives N, and a counter in series with the second gives Z. Since Z = N, + 2N, 
where N is the concentration of charged nuclei of one sign, it is possible to evaluate 
the losses of charged nuclei and of uncharged nuclei. 

The median values of the diffusion coefficients for 12 experiments were 
5,200 x 10-® for charged nuclei and 260 x 10-® for uncharged nuclei. The 
previous figure of 2,200 « 10~ for all the nuclei is in rough agreement since with 
room air and with air stored for a short time Z/., is approximately 2-0. These 
figures show clearly that the anomalous loss is electrical in origin. The diffusion 
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coefficient for uncharged nuclei in rubber is of the same order of magnitude as 
the diffusion coefficient for all the nuclei in metal tubing. 


Loss MEASURED ELECTRICALLY 


The anomalous loss of charged nuclei was also investigated by means of a large 
ion tube. The current to the inner electrode was measured by a Lindemann 
electrometer. A saturation voltage was applied to the outer electrode. Alternate 
measurements of the large ion concentration were made with air drawn directly 
into the tube and with air drawn through the rubber tubing under investigation. 
The losses of positive and negative large ions were approximately equal. 

During this investigation it was discovered that the loss in the rubber tubing 
could be considerably increased by coiling and uncoiling the tubing. The first 
such observation was as follows: A tube giving a diffusion coefficient of 1200 « 10-® 
gave a value 7300 x 10-® after a process of manipulation, including bending, 
stretching and rubbing. The tubing was tested the next day with the minimum 
of disturbance and gave a coefficient 1800 x 10-8. A second manipulation process 
increased the coefficient to 3400 x 10-6. A series of experiments was then carried 
out with different tubes and different treatments. The coiling process was made 
definite by using a cylinder of diameter 9cm. Some of the experiments gave 
erratic results. The increase in loss was associated with bending rather than 
with stretching. Coiling in a helix round the cylinder normally increased the 
loss and the loss then decreased when the tube was left undisturbed, straight or 
coiled, for a few hours. On a few occasions during a prolonged resting period the 
loss increased without any apparent cause. A number of ‘‘undisturbed tubes’”’ 


were tested from day to day for a week. Care was taken that no bending of the 
tubing occurred except the slight movement of one end required to make con- 
nection with the large ion tube. Fluctuations in the loss occurred in all the tubes. 
There was no indication that prolonged rest would remove the anomalous loss. 


DISCUSSION 


A hypothesis which accounts for portion of our observations is that charges are 
produced in the rubber by bending (RicHaRps, 1923). If a charge of one sign is 
produced in regions of compression and a charge of opposite sign in regions of 
extension the resultant transverse field would produce the anomalous loss of 
charged nuclei. Coating the inside with a conductor removes the field; coating 
with an insulator is ineffective. The outer coating with colloidal graphite may 
either remove the charges by conduction or cause neutralisation of the charges 
by an induction process. The principal feature of our results which remains 
unexplained is the persistence of a considerable portion of the anomalous loss 
after a prolonged rest. 


TURBULENCE 


Practically all the tubing in these ‘diffusion experiments was between 1-0 and 
0-5 cm in diameter. The maximum air current was 4 litres per minute; the 
maximum average velocity was between 85 and 340 cm per sec. As the critical 
velocities (DOWLING, 1912) for the diameters cited are 360 and 720 cm per sec it 
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is probable that turbulent flow did not occur. Dow ine (1912) discovered another 
discontinuity in the flow of gases through tubing. This discontinuity occurs at a 
critical velocity called the slip velocity given by V, = 26-2(d + 0-6) where d 
is the diameter of the tube. For tubes 1-0 and 0-5 cm in diameter the slip velocities 
are 42 and 29cm per sec. It is apparent that in many of our experiments the air 
velocity was larger than the slip velocity. This has probably no bearing on the 
large anomalous loss of charged nuclei but it may well explain the unexpected 
high values of the diffusion coefficient in metal tubes and of the diffusion coefficient 
of uncharged nuclei in rubber tubes. In the NoLan-GuERRINI type of diffusion 
box (NoLAN and GUERRINI, 1935) the air-velocities are much lower so that the 
diffusion coefficients determined with it are not presumably affected by this 
source of error. 


PREvious UNEXPLAINED Loss 


Rubber tubing is often used as intake in observations on atmospheric nuclei. 
Serious errors may occur in concentration measurements especially if the air- 
current is small. O’BRoLcHAIN (1933) during observations at Graz found a loss 
of 34° which was much in excess of the loss to be expected from normal diffusion. 
The air passed through 150 cm of glass tubing and then through a cylindrical 
condenser. Rubber tubing, the length of which is not stated, connected the 
condenser to the sampling port. The air-current was 500 cm® per minute. If we 
assume D = 30 x 10-§ we obtain a loss of 3-6% in the glass tubing. If we treat 
the condenser as a thin rectangular channel we calculate a loss of 6-8% in the 
condenser. Thus we find a loss of the order of 10% for normal diffusion. The 


rubber loss may be estimated as follows: Since about half the nuclei were charged 
we may assume that the diffusion coefficient is 2,200 x 10-® and if we assume 
1 = 45 cm we find a rubber loss of 24%. We can thus account for the loss observed. 
It is worthy of note that since the rubber loss is mainly a loss of charged nuclei 
the values of Z/N, are distorted. 
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ABSTRACT 

The geomagnetic and ionospheric diurnal and storm-time variations occurring at Abinger and Slough 
over a period of 46 months are studied. The diurnal variations are shown to be highly complex, with 
significant differences appearing in different seasons and at various levels of activity. The 24-hourly 
component of daily variation is important in both phenomena, but a significant and regular 12-hourly 
component is observed only in ionospheric (f)/',) disturbance. The storm-time variations of f,F, and 
absolute horizontal magnetic force are found to be statistically closely linked. 


1. INTRODUCTION 


Since the existence of a significant relation between ionisation density and magnetic 
activity was first announced, various aspects of the interrelationships of geo- 
magnetic and ionospheric storminess have been discussed by different authors. 
In this paper, the diurnal and storm-time variations of geomagnetic and iono- 
spheric disturbance, the main features of which are already fairly well established, 
are examined in detail for one location, special attention being given to the results 
obtained at different levels of disturbance. 


2. Data 


The results of 46 months of ionospheric measurements made at Slough during the 
period January 1947 to June 1951 were available, and attention was confined, in 
our study of geomagnetic data, to these same months in order that the two sets of 
results might be strictly comparable. The geomagnetic data of Abinger, which is 
very near Slough, was used where available, but for absolute values and hourly 
ranges of horizontal force it was necessary to use the data of Eskdalemuir, which 
is about 300 miles from Slough. 


3. DivuRNAL VARIATION 
A. Magnetic Disturbance 


Fig. 1 shows the form of the diurnal variation of Abinger K indices, for all days of 
the 46 months considered, and for four district groups of days, selected on the 
basis of the daily sum of Abinger A indices, and thus representing four different 
levels of magnetic activity (designated L,, L,, L3, L,in order of ascending activity). 
Standard errors of some of the points on the curves are shown, being equal to the 
standard deviations of the individual K indices, divided by the square root of their 
number. There is a probability of 0-68 that the true mean lies within the indicated 


range. 
The main features displayed by the curves in Fig. 1 are: 


(i) In winter and equinox the time of minimum at the lower levels of activity is in the 
second K interval (03-06 hours): at higher levels of activity the minimum is delayed to the 
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third or fourth K interval. In summer the 
minimum occurs between 00 and 03 hours at 
L, and is also retarded at the higher levels. 

(ii) The time of maximum in winter is ill- 
defined at L,, but there is a marked maximum 
in time interval 7 (18-21 hours) as the level 
of activity rises. In equinox the maximum 
occurs at about midday at L,, and is progres- 
sively retarded to interval 7 as the activity 
increases. In summer the time of maximum 
is between 15 and 18 hours at all levels of 
activity. 

(iii) It might be expected that the diurnal 
amplitude of disturbance would increase with 
a rise in the general level of activity. Since the 
K indices do not form a linear scale of force 
ranges they are not suitable for testing this. 
A conspicuous feature which does appear, 
however, is the very large diurnal range of the 
K indices in winter, compared with equinox. 
If attention is confined to the two intermediate 
levels of activity, when the average K index has 
strictly comparable values in all three seasons, 
this feature is particularly striking. At L, and 
L, the diurnal ranges of K index in winter, 
equinox, summer are respectively: 1-04, 0-63, 
0-90; 1-04, 0-41, 0-90. These seasonal variations 
are suggestive of a reverse arrangement of the 
well-known seasonal variations of general mag- 
netic activity (equinoctial maximum, winter 
minimum). 


These results, obtained by consideration 
of the published K data, afford interesting 
comparison with those obtained for com- 
parable locations by investigators employ- 
ing different measures of disturbance. There 
are rather big discrepancies between the main 
features of the variation curves obtained 
by us, and those obtained by Sraee [1], 
showing the variations of average hourly 
magnetic character at Kew for the period 
1913-23: the discrepancies are less, however, 
when our results are compared with those 
showing the variation of frequency of occur- 
rence of highly disturbed hours at Kew, and 
the variation of mean hourly ranges of force 
at Eskdalemuir [2], both obtained by the 
same author. The complex nature of mag- 
netic disturbance, and the difficulties in- 
herent in defining and measuring it, are 
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Fig. 1. Mean diurnal variation of Abinger 
K indices (1947-51) in winter (a), equinox 
(b), and summer (c) on all days (1) and also 
at various levels of magnetic disturbance: 


(2) Abinger K sum < 20; (3) 21 < K sum 


< 25; (4) 26 < K sum < 30; (5) K sum 
> 30. 
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revealed by the fact that rather different results are obtained by the use of 
different measures of disturbance. The diurnal incidence of magnetic disturbance 
at Eskdalemuir at various levels of activity was investigated by CriIcHTON 
MiTcHELL [3], employing hourly ranges in all three elements. Our results are in 
good general agreement with his and some of the minor points of disagreement 
in the two sets of curves can be explained by the fact that he used hourly 
ranges without making allowance for the normal daily variation produced by solar 
wave radiation, whereas the K indices are designed to measure the effects of particle 
radiation alone. 

Fig. 1 represents the results for a comparatively small sample of years, but we 
find all the main features reproduced in a test of a further six years’ data. We 
also find that the curves of daily A variation at Eskdalemuir for the period 1947-51 
are very similar to those of Fig. 1 and are therefore confident that the features 
shown by the Abinger K-variation curves are not the product of any “‘peculiarity”’ 
in the Abinger method of scaling the K indices, but represent real features of the 
daily incidence of disturbance there. The use of indices representing a 3-hour 
period naturally rules out precise timing of the variation features: no attempt has 
been made to draw smooth curves, so that where a minimum or maximum is 
assigned to the middle of the corresponding interval, timing may be in error by 
up to 1} hours. Since investigators working with hourly indices or ranges have 
shown the progression from hour to hour to be relatively smooth, the use of 3-hour 
range indices is considered unlikely to conceal any important feature. 


B. Lonospheric Disturbance 


The effect of magnetic disturbance on the form of diurnal variation of the F, layer 
critical frequency (f)/,) measured at Slough, was determined by subtracting the 
“undisturbed” diurnal variation of f,/,, meaned over the five international 
(magnetically) quiet days of each of the 46 months examined, from the mean 
fpf, variation on all (including quiet) days of the corresponding month. The 
calculations were restricted to even hours only. We refer to the resulting variation 
as the ‘‘f, F, disturbance variation” (Af, F,). The form of this disturbance variation 
was examined seasonally for all days, as described, and also for the same four 
groups of days as were examined in the Abinger K data. The resulting variation 
curves, represented in Fig. 2, show broadly similar features (a.m. minimum, p.m. 
maximum) to the K variation curves of Fig. 1, but closer inspection reveals 
marked differences. 


(i) Curves la, 1b, le show that there are marked differences between the average effect 
on f)#, produced by magnetic disturbance in winter, and that produced in equinox and 
summer. Af, meaned over the day is positive (though small) in winter, and negative in 
the other seasons (see values of Cy for ‘‘All’’ days in Table 2). Curve la shows the winter 
mean daily increase to be comprised of a small forenoon decrease and larger afternoon 
increase: in equinox and summer Af,F, is negative throughout the day. These results 
accord with statements made by APPLETON [4], that the tendency for fy F’, to be depressed 
in storms is greater in summer than in winter and that the most marked proportional 
reduction of fj’, occurs about local noon. A diurnal control of ionospheric storminess has 
also been shown by BuRKaRD [5], who investigated the effects of one large storm at 30 widely 
distributed stations. 
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(ii) A study of the remaining curves of Fig. 2 shows that the variations represented by 
curves la, lb, lc are of a highly composite nature. In winter the small amount of magnetic 
disturbance represented by level L, (daily Abinger K sum about 14, compared with a mean 
of about 9 on the corresponding international quiet days), raises fy), slightly at all hours. 
At L, a forenoon depression of fy F', appears, while the afternoon increase is slightly enhanced 
relative to L,. At still higher levels, there is 
an increased depression of fF, at all hours. | prj | 
In equinox and summer the effects are less : nad 
complex, fyF', being lowered at all hours to an =~ * 
extent which increases with increasing scale of 1c 
magnetic disturbance. 

(iii) The comparative flatness of curves 2a, 
2b, 2c, which represent about half the total 
number of days studied, shows that the features 
of variation at higher activity levels are not 
attributable to any anomaly present on the 
magnetically quiet days. The most marked and 
regular feature of the other curves is the fore- 
noon minimum which occurs about four hours 
later in winter than in summer. The form of 
the curves in all seasons is much modified by 
the appearance of a secondary evening mini- 
mum which becomes increasingly well marked 
with increase of disturbance. This minimum 
occurs at 18 hours in winter, 20 hours in 
equinox, and 22 hours insummer. (These times 
may be in error by | hour since the calculations 
were confined to the even hours). 

(iv) The amplitude of diurnal variation 
increases in all seasons with increasing dis- 
turbance. 






















































































C. Harmonic Analysis 





The diurnal variations of both the mean 
K-figures and mean Af,F, for all seasons 
and levels of disturbance were harmonically 
analysed, assuming in every case an 


expansion Fig. 2. Mean diurnal variation of Slough f,F, 
: “‘disturbance”’ (1947-51) in winter (a), equinox 
Cy + C, sin (15t + ¢,) (b), and summer (c) on all days (1) and also at 


: various levels of magnetic disturbance: (2) 
+ C, sin (30¢ + $2) > cine a Abinger K sum < 20; (3) 21 < K sum < 25; 
(4) 26 < K sum < 30; (5) K sum > 30. 






































where tis G.M.T. The resulting amplitudes 
and phases are given in Tables 1 and 2: those of the harmonics higher than the 
second were found to be small and irregular and are not included. 


(i) Mean K indices 


¢, is lowest (maximum and minimum most retarded) in winter, and shows, in each 
season, a tendency to decrease as the activity rises. In winter, the second harmonic 
is comparable in magnitude to the first at L,, but (in contrast to the first harmonic) 
decreases in magnitude and increases in phase angle as the activity rises. In 
equinox and summer C, is small and ¢, very irregular. 
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Table 1. Fourier amplitudes (c) and phases (¢) for mean diurnal variation of Abinger 
K indices (1947-51) for various levels of magnetic activity: N = number of days. 





Daily Winter Equinox Summer 





K 
di C2 de / 71 gy C2 





-33 0-32 175 0-16 458 2:71 0-22 217 0-07 149 | 460 2-59 0-36 211 0-08 
5 0-26 195 0-21 221 1-93 0-30 249 0-14 141 | 233 1-93 0-44 215 0-05 33 
‘88 0-45 161 0-16 97 2-87 0-24 205 0-04 123 | 126 2-84 0-37 205 0-11 
‘49 0-48 165 0-12 22 76 3-44 0-20 167 0-01 337) 60 3-43 0-37 193 0-12 
-37 0-52 131 0°10 263 64 4:34 0-37 167 0-13 261) 41 4-29 0-25 205 0-12 313 











Table 2. Fourier amplitudes (c) and phases (¢) for mean diurnal variation of 
Slough fyF, “disturbance” (1947-51) for various levels of magnetic activity. Units 
are Mc/sec. X 10°. 





Winter Equinox Summer 
Daily 
K sum 




















(ii) Mean Af, F, 

The first harmonic shows fairly regular variation. ¢, has a value similar to that 
of the A indices in winter and summer but not in equinox. It also decreases in a 
similar way as the activity rises. In all seasons C, tends to increase with increasing 
magnetic activity. 

The second harmonic, comparable in magnitude with the first, increases 
steadily with increasing disturbance. Apart from one anomalous value associated 
with very small amplitude, ¢, is extremely regular. There seems to be a significant 
difference in phase between winter and summer on the one hand and equinox 
on the other, but within each season the variations of ¢, with magnetic activity 
are insignificant. 

The regularity of the semi-diurnal component of Af,F, suggests a possible 
connection with the semi-diurnal atmospheric pressure oscillation. The phase of 
the 12-hourly component of Af, F, is very approximately reversed compared with 
that of the Kew surface pressure wave: the main weight of other evidence is to the 
effect that in the E layer the phase of the tidal oscillation is reversed compared 
with the ground, but the phase in the F, layer is still unknown. Arguing against 
a close connection between the components, however, is the fact that long-period 
means show that the Kew ground pressure wave has a similar phase in winter and 
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equinox, and that this differs slightly but significantly from the summer phase: 
such a seasonal difference may be expected to extend upwards to the F, layer where 
we find Af,F, displaying a seasonal phase variation different in type and also, it 
may be noted, larger in magnitude. 


4. StTORM-TIME VARIATION 


Fig. 3 represents corresponding storm-time variations of Slough f,F, and Eskdale- 
muir horizontal (H) force and hourly ranges. 32 storms with well marked sudden 
commencements (S.Cs.) were chosen—9 from 
winter, 12 from equinox and 11 from +70 +50 
summer—so that the commencement times Mc/s | y 
in each season were distributed fairly evenly Pam ‘* (\. | F 
throughout the day. The critical frequency a | 
and absolute H force were measured as 
departures Af,F, and AH from the respec- 
tive quiet day means for the appropriate 
month. These calculations, and also meas- 
urements of the H hourly ranges, were made 
at intervals of 2 hours from 24 hours before, 
to 48 hours after, the storm s.c. The cor- 
responding curve of Abinger K indices (not 
reproduced) is, as might be expected, a 
somewhat smoothed version of the H range 
curve. A ; a 
The main feature shown by Fig. 3 is that Sitcen Ee, “distorbance”™ ae ot 
the well-known storm-time depression of Eskdalemuir horizontal force departures 
H is, statistically, closely associated with a Sr horizontal Se ee 
depression of f,F,. There is also a sugges- 32 storms in period 1947-51. 
tion that changes in f,F, precede those in 
H by about 2 hours, but the present data is insufficient to confirm this. The peak in 
AH at +32 hours, associated with a peak in Af, F, at +30 hours, appears probably 
significant when compared with its standard error. However, examination of the 
three seasonal storm-time curves (not reproduced) shows that this feature is con- 
fined to the winter curves. Also, no such peak occurs in the previously published 
curves of storm-time variation, nor was it revealed in a test of a further 60 8.C. 
storms which occurred at Eskdalemuir from 1919-46. It is likely therefore that 
this peak in the AH curve, and the associated peak in Af, /’,, are accidental features, 
probably arising from an uneven distribution of intensity of selected storms 
throughout the day, and a resulting failure to exclude diurnal variation effects. 
Similarly, the fluctuations of AH and Af, F, soon after the S.C. are not to be relied 
on as permanent statistical features. From the appearance of the variations 
occurring on the day preceding the s.c., relative to the subsequent variations, it 
would appear that minor “random” fluctuations are more marked in Af, F, than 
in AH. It is of interest that the connection of Af,/, with AH is very much closer 
than with either hourly ranges of H or K indices, which are more usual measures 


of ‘‘disturbance.”’ 



































-a4y 0 
Storm time 
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The variations of Af,F, in the 24 hours preceding the S.C. are of interest in 
relation to results obtained by APPLETON and Piacort [6], who showed that the 
Slough noon values of f,/, on the two days preceding a S.C. are significantly 
higher than the average noon f,F, for all days of the month. The general level of 
magnetic activity on such pre-storm days is lower than the average level for all 
days: for our 32 storms, for instance, the mean Abinger K sum on the day preced- 
ing the S.C. was 15 (approximating closely to L,), compared with an all-day mean 
(1947-51) of about 22. It follows from our Fig. 2 that the relative magnetic quiet 
(compared with “‘all’’ days) of pre-storm days will affect in a systematic way the 
corresponding value of the departure of f,/’, from the all-day mean, and the magni- 
tude of the effect can be estimated from Fig. 2 by subtracting the noon values of 
f,F, on all days from the corresponding values at L,. The average for the year, 
calculated in this way, is plus 0-3 Me/sec., which is about the same as the value 
obtained by APPLETON and Piecotr. It seems possible, therefore, to explain 
their observed pre-storm elevation of Slough f,F, by the relative magnetic quiet 
of such days. Our storm-time result (Fig. 3) shows however that the mean value 
of fF, on the days preceding S.Cs. was also above that of the corresponding quiet 
days, whereas, in the absence of an extraneous effect, a mean result over the year 
of a slight depression of f, F, (mean of curves 2a, 2b, 2c of Fig. 2) would be expected. 
A variation of f,F, significantly different from that suggested by Fig. 2 would 
mean that disturbance begins to affect the ionosphere an appreciable time before 
the magnetic s.c. The seasonal breakdown of this result shows that it is comprised 
of a small summer depression of f, F,, insignificant fluctuations about the zero line 
in equinox, and a substantial rise of f, 7, in winter which exceeds the rise shown by 
curve 2a of Fig. 2 by an amount which is not too readily accounted for by sampling 
errors. The number of winter storms examined is, however, small, and since the 
anomaly appears only in this season and a time lag between magnetic and iono- 
spheric events of only about two hours is suggested by Fig. 3, we consider it very 
doubtful that a test of more data would support the apparent tendency for a 
pre-storm rise in fy /’,. 

The curves for the separate seasons (not reproduced) show the expected result 
that, after the S.C., the depression of f, F,, relative to the corresponding depression 
of H force, is much less in winter than in the other seasons. These curves are 
broadly similar to those for the year as a whole, but random fluctuations are much 
more noticeable. This emphasises the fact that the interrelation of Af,F, and AH 
is only revealed statistically. Some individual storms were plotted: superposed 
on the strong underlying influence of diurnal variation were movements of Af, F, 
and AH which were generally in the same direction but occasionally appeared to be 
systematically opposed. To see if variation in itself, regardless of sign, was the 
significant factor, storm-time curves employing the means of | Af,F, | and | Ad | 
were plotted, but no interrelation was apparent. 


5. Discussion 


The evidence presented here confirms that there is a close link between geomagnetic 
and ionospheric storminess. Even at the single location studied, the interrelation 
is shown to be highly complex, significant differences being found between the 
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general effects on f,F, accompanying various levels of disturbance in different 
seasons, and also in the diurnal incidence of these effects. In general, magnetic 
disturbance is associated with a lowering of Slough f,F,, but an exception occurs 
in winter when slight disturbance is found to be accompanied throughout the day 
by an increase of /,F, amounting to an average of 3% of the “undisturbed” value. 
At higher levels of magnetic activity f,F, is depressed in all seasons, but always 
least in winter. In big equinoctial and summer magnetic storms the depression 
of fF, averages 20-25% over the day, and reaches about 30° in forenoon hours. 
The great geomagnetic storm of Feb. 7 and 8, 1946, is quoted by APPLETON [4] 
as having been associated only with a rise of f,F,, and this exception emphasises 
the statistical nature of our results. In view of the close though complex connection 
between the two phenomena, it is perhaps surprising that only a rather vague 
connection is found between their respective features of diurnal variation, and 
that this connection—broadly similar features shown by the first harmonics— 
suggests a phase relationship of an increase in f,F, accompanying increased 
disturbance. 

MARTYN [7] has developed a theory explaining ionospheric departures from 
theoretical Chapman layers as effects of semi-diurnal electron drift. F, layer 
anomalies at Slough are very large even on magnetically quiet days, so that our 
results, which show the relationship between relatively small changes in maxi- 
mum electron density and magnetic disturbance, are not necessarily connected 
with his theory. It is of interest however that the influence of magnetic activity on 
fo is also subject to a marked semi-diurnal control which increases with the scale 
of activity. 

HARANG [8], and APPLETON [4], have previously found evidence that the storm 
depression of f, /, at Tromso and Slough is an after-effect of magnetic disturbance. 
Our storm-time results confirm this, provided attention is confined to range 
measures of magnetic disturbance, but suggest that the changes in f,/, are much 
more closely linked with changes in absolute horizontal magnetic force, and may 


even slightly precede them. 
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ABSTRACT 

For the years 1948-49-50 ionospheric disturbance figures of transatlantic radio-communication (circuit 
New York-Amsterdam) were determined and compared with magnetic character figures. The general 
correspondence is clearly shown by a diagram, containing running graphs (with 3-hour steps) of both 
quantities. The maximum of radio disturbance showed a mean time lag of 7 hours behind the maximum 


of magnetic disturbance. 

A second investigation concerned the flux of solar radio noise in relation to magnetic storms. There 
appeared to be a marked increase of flux on at least one of the 3 frequencies 80, 175 and 200 Me/s at 
some time during the 5 days preceding the storm, except when the storm was of the recurrence type. 


Data on ionospheric radio-propagation conditions are collected daily by radio 
stations maintaining international telegraphic communications. In general, these 
data are unsuitable for use in statistical studies, owing to their inhomogeneity; 
the transmission frequencies employed at a particular hour often varying from 
day to day. 

There is a close connection between radio-propagation conditions and geo- 
magnetic activity. For the latter, homogeneous material is available in the form 


of K,-indices, whence it is profitable to use these magnetic indices as a link in the 
study of the relationship between radio disturbance and solar activity. Some 
results of work in this field, obtained in connection with the practical work of the 
Witteveen Magnetic Observatory, are presented here. 


RADIO-PROPAGATION CONDITIONS AND MAGNETIC ACTIVITY 


For the radio-propagation disturbances an index J was established on a scale 
0-9, similar to that used for the magnetic figure K. During the years 1948-49-50 
the receiving station NERA of the Telegraphic Service of The Netherlands was 
in almost continuous contact with the U.S.A. station in New York, so that con- 
ditions on this circuit (New York—Amsterdam), as reported by NERA, could be 
used as data. It was also felt that the proximity of a large part of this route to 
the auroral zone would result in minor magnetic disturbances affecting the 
propagation. 

The following procedure was adopted to derive a disturbance index J as 
objective as possible from the NERA reports. A figure 0, 1, 2 or 3 was assigned to 
every hour, 0 indicating undisturbed conditions and 3 very poor conditions, when 
no traffic was possible. At certain hours, frequencies were in use which were apt 
to give poor reception even under normal ionospheric conditions, either when the 
operating frequency was higher than the Optimum Working Frequency or when 
it was lower than the Lowest Useful High Frequency, as published monthly by 
NERA in the form of graphs, derived from C.R.P.L. predictions of normal iono- 
spheric state. Under such conditions a reduced figure was assigned to the hour 
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in question. Interferences due to Dellinger effect were systematically neglected, 
these disturbances being of an entirely different character from those under 
investigation. The hourly figures assigned in this way were then summed over 
3-hour periods, thus yielding the 3-hourly radio-disturbance index J on the 
circuit New York—Amsterdam. 

This J is of course only a very imperfect index of ionospheric disturbance, as 
it is influenced by the choice of operating frequencies and by the inevitable sub- 
jectivity of the reception-reports from NERA. For this reason and because the 
above mentioned C.R.P.L. publications are based on a predicted mean sunspot- 
number, which sometimes deviates considerably from the observed one, the 
meaning of the J-scale may vary somewhat from week to week, so that only 
short term variations of J are important. Furthermore / is subject to a pronounced 
diurnal variation, mainly caused by the varying “‘safety’”’ of the available fre- 
quencies with regard to the normal limiting frequencies during the course of the 
day. To avoid complications all results are therefore presented in the form of 
the index XJ; that is, the sum of the eight J-indices for the 24-hour period ending 
with the 3-hour period in question. The influence of random fluctuations and 
errors in J is also suppressed in this way, so that a better correspondence with 
magnetic data may be expected from the use of XJ. For similar reasons the 
magnetic conditions are represented by XK. In the following K is written for 
the planetary index K,. 

Fig. 1 shows part of the running graphs of XK and XJ which are continuously 
maintained. LK is represented by the curve, YJ by vertical stripes downward. 
The rows are arranged according to the approximate 27-day synodic rotation 
period of the sun. The scales of 2A and XJ are indicated at the left-hand side of 
the first row. The diagram clearly demonstrates the general correspondence of 
radio- and magnetic disturbance, often even in details, although there remain 
also a few somewhat divergent cases, e.g., September 10-12 1950. 

Sudden commencements of magnetic storms are indicated in the diagram by 
small flags. It is conspicuous that in general it is not the time of s.c. that marks 
the beginning of a noticeable radio-disturbance, but rather the moment at which 
XK reaches a certain value, say 30. 

It can further be seen from the diagram that in general the centre of the radio- 
disturbance occurs some time after that of the magnetic disturbance. In order 
to obtain a better impression of this lag, disturbances were selected in which XJ 


reached a maximum value > 8 and no other maximum occurred within 24 hours. 
For every selected case the SA values were written in a horizontal row from 
8 3-hr periods preceding to 4 3-hr periods following the 3-hr period in which Y/ 
reached this maximum value. Mean values of XK were obtained from the columns 
so formed, the same being done for XJ for comparison. 

Fig. 2 contains graphs of the mean X= and corresponding mean L/, with the 
3-hourly values arranged in accordance with this procedure around the time of 
LTinax: Lhe mean time difference can be determined from the tops of the curves 
and appears to be 7 hr in 1948, 6 hr in 1949 and again 7 hr in 1950; mean for the 
three years: 7hr. From the fact that radio-communication is generally main- 


tained on the highest usable frequencies, we may conclude that the disturbances 
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Diagram of index XK, of geomagnetic activity and index XI of radio-propagation disturbance on the circuit 
New York—Amsterdam. Curve represents XK,, vertical stripes XJ. 
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which contribute to J are mainly depressions of f, F,, the critical frequency of the 
F,-layer. Now the radio waves on the route New York—Amsterdam are supposed 
to cover this distance in two hops, with the reflection points situated about 300 
miles south of the zone of maximum auroral frequency. It thus appears that, 
during ionospheric storms, maximum f,F, depression in this border region of the 
auroral zone exhibits a mean lag of 7 hr behind maximum magnetic disturbance. 
This result may be compared with that of L. Harane (Geof. Publ. XI, No. 17, 
pp. 15-17, 1937), who correlated the noon-critical frequencies of the F, layer at 
Troms¢ with magnetic activity over periods of 24 hr, from noon to noon, and 
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Fig. 2. Magnetic activity UK, (full line), compared with radio-propagation 
disturbance XJ (dotted line) on the circuit New York—Amsterdam, from 8 3h 
periods preceding to 4 3h periods following time of maximum LJ. 


found the best correlation with the 24-hr period ending with the moment of 
observation of f, F;. 


SotaR NoIsE AND MAGNETIC STORMS 


Fig. 1 gives a fine impression of the 27-day recurrence tendency of magnetic 
disturbance which was well developed in 1950, especially in the second half of 
the year. A study of this tendency is particularly interesting in relation to solar 
activity. Solar activity, represented by the flux and variability of radio-noise on 
several frequencies was therefore entered in the original diagrams, which cover 
the period from December 1947 to date. It was readily seen from these com- 
posite diagrams that a magnetic storm was generally preceded by an increase of 
radio noise, in some cases as early as 5 days before commencement of the storm. 
To form an objective picture of this phenomenon the curve of the mean noise- 
flux was determined from 12 days before to 8 days after the first days of the 
storms. The first day of a storm was defined as that on which XK reached the 
value of 35 and remained > 35 for at least 8 3-hr periods. The flux, as given in 
the Quarterly Bulletin on Solar Activity (publ. Eidgen. Sternwarte, Ziirich) in 
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units of 10-22 Watts m-? (c/s)-!, was for this purpose converted into a nearly 
logarithmic scale 0-9, adequately chosen for each of the 3 frequencies: Canberra 
200 Mc/s, Cavendish 175 and Cavendish 80 Mc/s. The curves of the individual 
frequencies are somewhat irregular, probably because the number of cases was 
too small from a statistical point of view (28 cases in 3 years), but nevertheless 
they have the same character as the curves in Fig. 3a, for which the 3 frequencies 
are combined and 3-day overlapping means are taken. 
There is a maximum of flux about 2 
Figs? days before the first day of magnetic 
o— 1948 ; storm in each of the years 1948-49-50. 
er i. / The peak in 1950, however, is much 
Fi J lower. This is associated with the fact 
that most of the storms in 1950 were of 
the recurrence type. As confirmation of 
this, the curves of Fig. 3b were derived 
from the same material as those of 3a, but 
divided into recurrent and non-recurrent 
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Fig. 3. Mean flux of solar radio-noise from 12 days preceding to 8 days following the first days of 
magnetic storms. 


storms (Number of cases: 11 and 9; one case of which the recurrence-character 
was doubtful was omitted, as were 7 other cases which partly overlapped each 
other). It is evident from Fig. 3b that in particular the non-recurrent storms 
are preceded by an increase of solar noise. An inspection of individual cases 
reveals that the time interval between this invariably marked increase of noise 
on at least one of the 3 frequencies and the commencement of the magnetic 
storm varies from 5 to 0 days. 

Note: The mean time of sudden commencement of these 11 storms is about 
20-00 GMT on the day preceding the day on which XK becomes 35 or more. 

Finally Fig. 3c shows the curve for each frequency separately. 


CONCLUSIONS 


1. In the years 1948-49-50 the times of maximum disturbance on the radio- 
circuit New York-Amsterdam showed a mean lag of 7 hr behind those of maximum 
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magnetic disturbance. The general correspondence between these disturbances 
is clearly shown by diagrams, containing running graphs (with 3-hour steps) of 
XK and XI. 

2. Magnetic storms of the non-recurrence type are characterized by a marked 
increase of radio-noise from the sun on one or other frequency, commencing 
some time during the previous five days. Storms of the recurrence type are 
generally not preceded by an enhanced noise level. 
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ABSTRACT 


Theoretical analysis shows that the electron collision frequency in the ionosphere depends on the neutral 
particle concentration in Regions D and £ and on the electron concentration in Region F. Any atmos- 
pheric model above the E layer cannot, therefore, be based on the electron collision frequency with 
neutral particles. 


1. INTRODUCTION 


Several methods have been used for measuring the collision frequency of electrons 
in ionospheric regions. The observational determination of collision frequency is 
possible because the theory of the phenomenon of wave interaction in the lower 
ionospheric regions necessarily involves consideration of electron collisions with 
atmospheric molecules, and because the values of the reflection coefficient obtained 
for waves reflected from the upper ionospheric regions can be explained on the 
assumption that absorption occurs in the lower layers, or near the critical frequency. 

The published observational values vary widely (GERSON, 1951). The 
discrepancies cannot be attributed entirely to some naturally occurring variations. 
The degree of dispersion in the collision frequency measurements depends on the 
difficulties of the measurements. Furthermore, the data representing mean values 
are very often considered at various levels. For example, values of the electron 
collision frequency varying from yv, = 10° sec"! to v, = 104sec-! have been 
quoted for the £ layer. 

Best and RatTcLiFFE (1938), considering an EH layer with a constant scale 
height, have obtained from absorption measurements a value of Hy,, (H = constant 
scale height, v,, = collision frequency at the maximum of electron density) = 
3:5 x 10!°em-sec-!. This result approximately corresponds to an equivalent 
height of 130 km. Using H = 9 km, they find y,, = 3-9 x 104 sec-!. Comparing 
their result with the value (Brest and RatcuirFe, 1938) given by FARMER, who 
used the group retardation method and obtained a mean value of 104 sec"! at a 
height of 130 km, they conclude that a value of about 2 x 104 sec-! cannot be far 
wrong at 130km. Martyn and PuLLey (1936) adopted a scale height of 9 km 
and used a mean value of » = 3 x 105 sec for Region E. This value of the 
collision frequency, which was deduced by Martyn (1935) and BaILEy and MartyN 
(1935), corresponds to a pressure of 10-3 mm of mercury and must be applied at a 
height below 100 km. It does not correspond to the maximum of the EF layer, but 
represents datum for the lower portion of this layer. 

A general study of the absorption measurements on different frequencies 
made at Slough and Freiburg, by Rawer, Bist and ARGENCE (RAWER, 1951; 
Brsu and Rawer, 1951; Rawer, Bist and ARGENCE, 1952) leads to the separation 
of the contributions due to Regions # and D. Assuming a parabolic E layer and 
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an exponential variation of the collision frequency, these authors found a median 
value of 7 x 10% sec—! at a level of about 125 km. Thus, this value is lower than 
the other determinations. It may be noted that, assuming round figures, APPLETON 
(1939) has quoted 104 sec"! at a height of 120 km. 

The results obtained from investigations of ionospheric cross modulation lead 
to values of the collision frequency which are of interest in connection with the 
study of Region D. For instance, SHaw (1951) gives a value of 1-4 x 10® sec! 
for the collision frequency at a height of 92 km. This figure is obtained from the 
product vG where G is the energy loss factor and is found from laboratory measure- 
ments (HUXLEY and ZAAzou, 1949) to be equal to 1-3 x 10%. The deduced height 
utilized is of the region of cross modulation and represents an equivalent height. 
An estimated height correction, by SHAw (1951), would be of the order of —2-5 km. 
In particular, three of his results are considered: 


28th April 1949  Gv/2x = 307, y= 1-48 x 108’sec1, =z = 91:7 km 
5th June 1949 552 2:66 x 108 86-1 
21st June 1949 612 2:96 x 108 86-5 


Hvx tey, in different publications [1950a, b] has discussed the electron collision 
frequencies obtained by ionospheric cross modulation and especially the value of 
the parameter G. Three values have been generally used: G = 2-6 x 10-3 
(BarLEY and Martyn, 1935; Battey, 1937; Ratciirre and SHaw, 1948), 
G = 1:3 x 10-3 (HuxLEy and Zaazou, 1949) and G = 2-2 x 10-3 (CRomMPpTON 
and SutTrTon )*. A round figure should be 2 x 10-%. Adopting G = 1:3 x 107%, 
Hux .ey (1950) has found vy = 1-2 x 10% sect at 85 km. The height is determined 
from the collision cross-section of molecules, 5-8 x 10-16 em?, a 210°K tempera- 
ture and the pressure given by rocket soundings (Best, Havens and Lacow, 
1947). More recently Huxtey (1950a), taking a mean value of Gy = 1-7 x 10° 
and assuming a rounded value of G = 2 x 10-3, obtained » = 8-5 x 10° sec! 
at a height of 86km. These results yield lower values than those obtained by 
SHAw (1951). For example, at 86 km the ratio is 1/3. 

Brieas (1951) has used a method based on observations of the reflection 
coefficient of the abnormal F layer. The collision frequency of electrons is cal- 
culated assuming that the abnormal F layer consists of a thin horizontally strati- 
fied layer with some exponential density-height variation. Values between 
3-9 x 104 sec! at 111 km (one value) and 2 x 104 sec"! at 135 km (one value), 
passing through values of about 1-7 « 104 sec"! at 117-5 km (two values) are given 
by this method. 

Another result has been deduced by FinpLay (1951) who has observed the 
change of phase path of radio waves returned from the £# layer during radio fade- 
outs on frequencies near 2 Mc/s. He has obtained values of » between 2 x 10° 
and 6 xX 105 sec-! with a mean value of » = (4:43 + 0-20) x 105sec"!. Using an 
empirical formula due to Briaes, he obtained the associated height value of 
101 + 2km which seems too high for the radio fade-out phenomenon involved. 
In fact, Briaas’ formula, which seems to be based on SHAw’s and Best’s and 
RATCLIFFE’S data, would give the following values of v: at 90 km, y = 1-8 x 10° 





* cf. HuxLey (1950b) 
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sec; at 100km, » = 5-1 x 105sec-!; and at 120km, » = 4:2 x 104 sec", 
which are larger than the values found by RAwER and computed by HuXLeEy. 

Considerable uncertainty is introduced in the discussion of the collision 
frequencies in the F region if we try to use some quoted experimental value for 
the F, daytime layer. Thus, we shall neglect the values of electron collision 
frequency for this layer, and consider only the data for Region F,; and par- 
ticularly the nighttime data. The maximum value which may be considered 
(GERSON, 1951) is y = 3 x 10% sec-!, and a mean value for the F, daytime layer 
may be not more than 10% sec-!. This corresponds to the round figure given by 
APPLETON (1939) for Region F; approximately between 250 km and 300 km. 

After the observations made by FarMER and RATCLIFFE (1935) and the other 
results (GERSON, 1951), it is important to consider a recent publication by RAWER, 
Bist and ARGENCE (1952) in which the nighttime observations of the F, layer 
during November, 1949—April, 1950 and February, 1951 lead to a very low value, 
vy =2 x 10?sec, for the collision frequency of electrons. If all the observational 
results are considered as correct, they indicate that a variation of the collision 
frequency occurs between day and night not only due to a variation of height, 
but also in the collision processes. 

Thus, as we study the electron collision frequency distribution in the high 
atmosphere, we must keep the observational data in mind, considering that the 
highest values mentioned above are probably incorrect and that v = 104 sec" 
must be considered as an acceptable (upper) value for the maximum of the F£ 
layer and vy = 103 sec”! is a high acceptable value for Region F. 


2. CoLLIsion BETWEEN A NEUTRAL MOLECULE AND AN ELECTRON 


1. CHAPMAN and Cow tine (1939) and Cowxtine (1945) have given formulas to 
determine collision frequencies. In the velocity distribution method, the effective 
collision interval 7,. for molecules of mass m, and mass mz, is 


mym,(N, + Ng) 
1 
Mm, + nzme)kT “ ” 





a ¢ 


where D is the ordinary coefficient of mutual diffusion of the two kinds of molecules 
in the absence of other gases, n, and n, are the particle number densities (numbers 
of molecules present per cm’), k is BoLTZMANN’s constant, and 7' is the absolute 
temperature. To a certain degree of approximation, D is, for rigid elastic spheres, 


3 nae + _ “a 


16(m + M2)o%e WM,M, 





Dime (2) 


where a is the so-called collision distance. 
From (1) and (2), the collision frequency »,, for a molecule of type 1 with 


molecules of type 2 is 


(3) 


T1O7j9 


2 ie + — 
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For collisions between an electron of mass m, and neutral particles of mass 
m with number density n, (3) becomes 
4 (=)" 


ied 2 
Ve, a al a. 


(4) 
7™, 
because m, = m >m, = m,. 

Thus, the collision frequency of an electron with neutral particles is determined 
if we can find the effective collision distance. 

2. It is not easy to obtain an exact value for the collision distance of low velocity 
electrons in the ionosphere. The constant kinetic cross-section (Q = 7a?) does not 
represent the effective cross-section and the quantal cross-section may also yield 
some uncertainty according to the approximations involved. From the experi- 
mental point of view, results are not given at low electron speeds and the data can 
only be obtained by extrapolation. 

Fisk (1936) has compared the theoretical results for O, and N, that he has 
obtained using a quantal method with experimental cross-section curves. At 
electron velocities greater than 1 eV, his values can agree with the experimental 
data; but for electron velocities approximating those of the ionosphere, the 
experimentally observed values are somewhat larger. In fact, no exact comparison 
is possible because the experimental study becomes less precise at low electron 
speeds. 

Fisk’s results expressed in atomic units are (Q in atomic units; 1 atomic unit = 
2-8 x 10-17 em?) 


Electron energy Theory Experimental results 


in eV Ny 2 No 
0 ban 
Q-7 
1 35 


These data indicate that the effective collision cross-sections for very slow 
electrons are generally of the order of 20 atomic units, but values between 25 and 
15 atomic units are not excluded. In fact, a cross-section of 45 atomic units for 
molecular nitrogen, corresponding to an effective collision distance of 2 x 10-§ cm, 
refers to electrons with velocities not less than 1 eV. CowLina (1945) has used a 
value of 2 x 10-8 cm for the collision distance, but he notes that it depends on an 
extrapolation from experimental velocities much greater than those in the thermal 
range. 

If we consider an effective cross-section of 25 atomic units or 7-0 x 10718 cm?, 
we adopt an effective collision distance of 1-5 « 10-§cm. By choosing this value 
as the collision distance for an N, molecule with respect to a very slow electron, 
we use a value less than the collision radius obtained by viscosity or diffusion 
measurements. A corresponding value for O, with 16 atomic units or 4:5 « 10-71% 
cm? would be 1:2 x 10-8 em. In air, with an approximate ratio of number densities 
of N, and O, equal to 4/1, the effective cross-section becomes 6-5 x 10-71% cm?. 





* Approximate minima. 
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It appears that the problem of the collision cross-section of atomic oxygen 
with respect to an electron is different, according to the critical survey made by 
Gerson (1951). Using the predicted value, and not the resonance value which is 
certainly too great, Bares and Massy (1947) have found at 250°K a round value 
of 4 x 10-1sec-! as the collision frequency per oxygen atom. Such a value is 23 
times less than the collision frequency per nitrogen molecule and thus is negligible*. 

With the numerical values adopted for the collision cross-section, the equation 
(4) becomes for air (N, + O,) 
= 5:4 x 10-%n(M)T1? (5) 


, 
Ve, m 


where n(J/) is the total number of molecules per ce. 
If P is the total pressure in mm of mercury, (5) may be written 
= 5-22 x 10°PT-¥2 (6) 
92 
When oxygen is dissociated, n(N,) = 3 MA), and instead of (5) and (6), we 


obtain 


) 
U e, m 


= 3-87 x 10-Ma(2)7™* 


Ve, m 
and 
= 3-74 x 16°PT- 


e, m 


3. In order to determine the numerical values of the electron collision 
frequencies in the lower ionosphere, we may use the rocket data (HAVENS et al., 
1952) giving the pressures, in mm of Hg, at ten kilometer increments and round 
figures for the temperatures at the same levels. The computed pressures, tempera- 
tures and collision frequencies are given in Table 1. 


Table 1. Electron collision frequencies 





Pressure Temperature Collision frequency sec} 
(mm of Hg) (O, + N,)(O + N,) (O, + N,) (O + N,) 





268 7-1 x 10? 
220 2-0 x 10? 
18] 151 4-2 x 106 
197 164 7-0 x 10° 
191 
218 
271 
324 
77 
430 
482 
534 
586 


x xX 


106 
105 
105 
104 
108 
108 
108 
102 
102 
102 
102 


v7 


Fe INR Taam. Oe: Oe OK 


-0 
1-90 
4:06 
1:05 
3:50 
1-41 
6-51 
3°34 
1-85 
1-09 


BT. Ae Oe me ROR 








| 
| 
| 6-79 





* Another determination of the elastic cross-section of oxygen atoms for slow electrons has been 
carried out by YAMANOUCHI [24]. The cross-section obtained is 24-1 x 10-16cm?. With such a value, 
the atmospheric (N, + QO) collision frequency with respect to an electron should be increased by a 


factor of 2-7. 
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The collision frequencies at heights lower than 90 km have been computed 
with the help of equation (6), and above 80 km with the help of (8). If, at 90 km, 
the dissociation of O, is not complete, an intermediate value between 6 and 
7 x 105 sec"! may be used. A plot of these results appears as the solid lines in 
Figs. 1 and 2. As may be seen by referring to these Figures, the net result of these 
computations is that many observational values are too high. 
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Fig. 1 


FINDLAY’S investigations (1951) on fade-outs at a frequency near 2 Mc/s, 
which resulted in a mean value of y = 4 x 10° sec", correspond to a maximum 
height of 90 —91km. With the extreme values of » = 6 x 10->sec and 
2 x 10° sec"! obtained by FINDLAY we may say that the maximum of fade-out 
producing ionization occurs at heights lower than 95 km. 

Considering that the levels given by SHaw (1951) correspond to equivalent 
heights which may be transformed into actual heights (SHaw, 1951) by subtract- 
ing not less than 2 or 2-5 km and also that G, the energy loss factor, is, in round 
figures, 2 x 10-3, SHaw’s data adequately describes the variation of » with height 
obtained by our theoretical determination. 

If we consider Brices’ observational data (1951), the collision frequencies at 
111, 117, and 118 km follow the theoretical curve approximately, but a value of 
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2 x 104 sec~! at 135 km is certainly too high. Briaes’ formula (1951) appears to 
be based on SHAw’s data (1:6 x 10® sec at 90 km) and on high values at 130 km. 
It must be changed in order to follow the more recent investigations. 

Finally, having transformed some observational data by the means indicated, 
it is possible to obtain a consistent set of values which follow the computed curve 
between 80 and 130 km as indicated in Figs. 1 and 2. 

4. If the collision frequency depends only on the number density of the neutral 
particles, we must assume that, at the level of Region F, the pressure and the 
temperature are very high. But this hypothesis, which has been generally 
considered, cannot be applied, for at 180 km the collision frequency is only 
10? sec!. Thus, the immediate conclusion cannot be avoided that the electron 
collision frequency in Region F does not result from the collision with neutral 
particles* and must be due to another type of collision. 

This conclusion is important because the former deductions about the structure 
of the higher ionosphere (formation of layers) are based on a number density of 
neutral particles connected with a collision frequency due to neutral particles. 
In fact, it is not correct to use the collision frequency in order to obtain information 
regarding the pressure or the particle concentration above the E layer. Further- 
more, the origin of Region F cannot be explained as occurring at the level of the 
maximum of photo-ionization if the absorption coefficients of atomic oxygen 
which are used are correct, and the problem of the formation of the upper iono- 
spheric regions (F, and F,) cannot be considered in an ionization equilibrium with 
a constant recombination coefficient. 


3. COLLISION BETWEEN CHARGED PARTICLES 


1. We follow CHapMANn and CowLinea (1939) again in order to determine the 
collision frequency between charged particles. The effective collision interval for 
charged molecules of mass m, and m, is still found by (1); but now the diffusion 
coefficient D for charged particles is (to the first approximation) 


. 1 _— + a! i es 1 

~~ 16%,4+n, TM Mg e2? / A,(2) 
where e denotes the electric charge as used in the following equation for the force 
P between pairs of particles having charge e, and és, 


(9) 


__ Gee 
— a? 


r2 


and A,(2) denotes a slowly varying function of 7' and n, which will be given later. 
In terms of (1) and (9), the collision frequency between positive and negative 
particles of charge e is 


4 et NM, NyMe 
) ee es ee a = 2 1 
as 3 (2nk87'3)'? (myms,)"” (m, + m,)"!? Ay( ) ( 0) 





* Mirra (1948) found excellent agreement between his theoretical determination and an adopted 
value of »y = 2 x 10° sec-! at 250km. He uses a value of 1060 atomic units for the cross-section of 
atomic oxygen at 1000°K. If the E layer is considered, atomic oxygen would be more effective and the 
collision frequency deduced would be too high. 
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If we consider the collision frequency of positive ions with respect to an electron, 
we may use the following conditions: 


m =m, >mM, = m, 
and 

n, =n +n, =(1+u)n, 
where n_/n, = u is the ratio of negative ion (n_) and electron concentrations if 
the gas as a whole is assumed to be electrically neutral. Then, the general 
expression (10) can be written 


4 amet 
"+ = 3 Gam, keTayie A1(2) (1 + u)ne (11) 


which is the collision frequency of an electron with positive ions which all have 
the same mass m,. Note that the value of w, the ratio of the negative ions to 
electrons, determines the importance of the attachment process. If the number of 
negative ions is negligible wu< 1, n, = n,, and the electron collision frequency is 
proportional to the electron concentration. 

2. The nature of A,(2) must be known in order to perform an actual calculation 
of the collision frequency. This slowly varying function of temperature and density 
may take different forms depending upon the assumed mean collision distance. 

The expression given by CHAPMAN and CowLine (1939) is, to the first 
approximation, 

A,(2) = log,(1 + v7) (12) 
where 


4dkT 


- (13) 


Ya = 


with d = mean distance between “pairs of neighbouring molecules.” 
If we define d as being equal to (2n,)~1*, 


4kT \? 
A,(2) Se log, | +(a5, 8) 


4kT 
l pene ee 
< e2(2n,)/3 
the correction term A,(2) is 
4kT 


A,(2) = 2 log, e*(2n,)¥3 


If we define d as being equal to DEBYE’s distance 


the correction term must be written 


4 kT 3/2) 2 
4,2) =l08. [1 +{ rasan) | | 
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and with the condition (15) 


4 ia 3/2 


A,(2) = 2 log, 2e3n, 12 ( 2 (18) 


7 
If we define d as being equal to e?/hv, where » is the radiation frequency and h 
is PLANCK’s constant, (13) becomes 
4kT 
Pe: of 19 
01 hy ( ) 
and the correction term is 


; kT 2 
A,(2) = log, + (~ | (20) 


When the wave length of the radiation emitted in a free-free transition (positive 
ion and electron collision) is very short, A,(2) represents GauUNT’s factor. 

3. For the calculation of free-free emissions in interstellar space and in the sun, 
various authors have used formulas such as (16), but it should be noted that the 
difference between numerical results depends on the correction terms used (DENISSE, 
1950). For example, at 7 = 10°°K and n, = 10° cm~-3, we obtain, respectively, 
by (16) and (18) A,(2) = 28-9 and 39-4; at 1000°K and n, = 10°, A,(2) = 19-7 


, ‘ 3 
and 25-6. Thus, their ratio equals about z 


Considering that, under certain conditions, the cut-off distance d equals the 
DeBYe distance (COHEN et al., 1950), we adopt the formula (18) which gives the 
greatest numerical value. Nevertheless, we must keep in mind that the results 
given by the two formulas (16) and (18) are approximately of the same order. 

Other expressions (GERSON, 1951) have also been introduced for ion-electron 
collisions. MAJUMDAR (1937) and GINSBURG (1944) have derived collision frequency 
expressions which are identical with the (11) relationship provided their correction 
terms are so adopted that they give agreement with the preceding values. Ray 
(1938) and PANDE (1947) have claimed that the ratio between collision probabilities 
of neutral particles and ions with electrons cannot be as high as the value obtained 
by Masumpar. This criticism is not justified. 

4. In order to determine the numerical values of the electron collision 
frequencies in the upper ionosphere, we use the formulas (11) and (18). We 
obtain a collision frequency 


3/2 
Ve, = 34 —- 8-36 logio vi [tT (21) 


which depends on the temperature and electron concentration. Results of a 
computation with this last formula, which are given in Table 2, indicate a strong, 
very sensitive dependence on the temperature. 

It is, of course, to be expected that the electron collision frequency will be 
variable (for the same electron concentration) according to the actual height 
obtained from observational data. Fig. 3 shows the electron collision frequency 
as a function of the temperature for various electron concentrations between 
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Table 2. Electron collision frequencies (with positive ions) 





105 5 x 10° 10 2x 10° 





15 x 108 6-9 x 108 ‘3 x ‘6 x 10% 
4-2 x 10? 2:0 x 108 ‘8 xX 4x 108 
2-4 x 10? 1-1 x 108 2x 3 x 108 
1:6 x 102 77 x 102 5 xX 2-9 x 1083 
9-1 x 101 4:3 x 10? “4 > ‘6 x 108 








5 x 104 and 2 x 10®cm~%. The temperature effect is so very important that it 
is perhaps possible to determine limits for the temperature in the ionosphere if 
the actual height is known. From another point of view, considering a constant 
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Fig. 3 


temperature (Fig. 4), we can see the variation of the electron collision frequency 
with the electron concentration. It is evident that the diurnal variation of the 
electron collision frequency must be very important. 

It is, therefore, reasonable to conclude that the absorption of radio waves 
in the F layers is due to collisions between electrons and positive ions since the 
collision frequency between positive ions and electrons, as calculated here, gives 
various values which can agree with the observed values (GERSON, 1951; RAWER 
et al., 1952; AppLetTon, 1939; FARMER and RATCLIFFE, 1935) in Region F. 
Furthermore, any conclusion about the concentration of neutral particles cannot 
be obtained from an electron collision frequency above the E layer, because the 
electron collision frequency with neutral particles is negligible compared with this 
collision frequency with positive ions. 
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It should be noted that the electron collision frequency with positive ions would 
be effective at lower heights than the F layer if the positive ion concentrations 
were very great. For example, positive ion concentrations from 10° cm~-* to 
2 x 108 em (at 2000°K) give electron collision frequencies of about one hundredth 
of these figures. If we adopt 2 x 108 positive ions per cm’ at about 90 km (SEDDON, 
1952), the electron collision frequency with positive ions is 2 x 10° sec~, which is, 
therefore, four times greater than the collision frequency with neutral particles. 
Furthermore, with such a preponderance of heavy ions, the phenomena of wave 
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Fig. 4 


propagation should be affected. Nevertheless, the last theoretical investigation 
of Bates and Massey (1952) failed to reveal any mechanism which could give a 
contribution of positive ions in Region D. 

The research reported in this paper has been sponsored by the Geophysics 
Research Division of the Air Force Cambridge Research Center, Air Research 
and Development Command under Contract AF19(122)—44. 


REFERENCES 


APPLETON, E. V. Quart. J. Roy. Met. Soc. 65, 324 
BalLey, V. A., and Nature 185, 585 

Martyn, D. F. Wireless Eng. 12, 122 
BaiLey, V. A. Phil. Mag. 28, 929 
Bates, D. R., and 

Massey, H. S. W. Proc. Roy. Soc. A., 192, 1 
BatEs, D. R., and 

Massey, H. 8. W. J. Atmosph. Terr. Phys. 2, 1 
Best, N., Havens, R., 

and Lacow, H. E. Phys. Rev. 71, 915 


210 





The collision frequency of electrons in the ionosphere 


BEst, J. E., and 
RATCLIFFE, J. A. 

Brau, K., and Rawer, K. 

Briaes, B. H. 

CHAPMAN, S., and 
Cow.ineG, T. G. 


CoHEN, R. S., SprtzEr, L. 
Jr., and McRovut ty, P. 

Cow une, T. G. 

DENISSE, J. F. ~ 

FarMER, F. T., and 
RATCLIFFE, J. A. 

FinpDiay, J. W. 

Fisk, J. B. 

GERSON, N. C. 

GINSBURG, V. 


HAVENS, R. J., Kou, R. T. 


and Lacow, H. E. 
Hvuxtey, L. G. H., and 

ZAAZOU, A. 
Hux.ey, L. G. H. 
Hvuxtey, L. G. H. 


Masumpar, R. C. 
Martyn, D. F. 
Martyn, D. F., and 
PULLEY, O. O. 
Mirra, S. K. 


PANDs, A. 

RATCLIFFE, J. A., and 
SHaw, I. J. 

Ray, B. B. 

RaweEr, K. 

Rawer, K., Brau, K., and 
ARGENCE, E. 

SHaw, I. J. 

SEDDON, J.C. 


rl 
. 


YAMANOUCHI, T 


1938 
1951 
1951 


1939 


Proc. Phys. Soc. 50, ‘223 
J. Atmosph. Terr. Phys. 2, 51 
J. Atmosph. Terr. Phys. 1, 345 


Mathematical Theory of Non-Uniform Gases, Cambridge 
Univ. Press 


Phys. Rev. 80, 230 
Proc. Roy. Soc. A. 188, 453 
Jour. de Physique et Radium. 11, 164 


Proc. Roy. Soc. A. 151, 370 

J. Atmosph. Terr. Phys. 1, 367 

Phys. Rev. 49, 167 

Reports on Progress in Physics 14, 316 
J. Phys. U.S.S.R. 3, 1 


J. Geophys. Res. 57, 59 


Proc. Roy. Soc. A. 196, 402 

Proc. Roy. Soc. A. 200, 486 

Proceedings of the Conference on Ionospheric Physics, 
State College, Pa. 

Z.Phys. 107, 599 

Proc. Phys. Soc. 47, 323 


Proc. Roy. Soc. A. 154, 455 

The Upper Atmosphere, The Roy. Asiatic Soc. of 
Bengal, Calcutta 

Terr. Mag. 52, 375 


Proc. Roy. Soc. A. 198, 311 
Science et Culture 3, 679 
J. Atmosph. Terr. Phys. 2, 38 


Soc. Roy. Se. Liége, Mémoires 12, 269 

Proc. Phys. Soc. 64, 1 

American Geophysical Union, Washington Meeting, 
May 1952, to be published in Trans. Amer. Geophys. 
Union 

Progress of Theoretical Physics 2, 33 





Journal of Atmospheric and Terrestrial Physics, 1953, Vol. 3, pp. 212 to 216. Pergamon Press Ltd., London 


Scale height determinations and auroras* 
D. R. Bates and G. GRIFFING 


Department of Applied Mathematics, Queen’s University, Belfast 
(Received 13 November 1952) 


ABSTRACT 

It is shown that the method hitherto used for determining scale heights from auroral luminosity curves 
is invalid. A revised treatment of the effects produced by incoming electrons is not attempted. Instead 
the simpler case of incoming protons, interest in which has been revived by the recent work on hydrogen 
line emission, is considered. If protons are responsible for auroras the possibility of deducing scale 
heights is slight, for complicating factors appear to enter. Thus the calculated luminosity curves for the 
lower auroras are so sharp that they cannot be reconciled with the observed curves by any reasqnable 
change in the scale height, and it is necessary to invoke some arbitrary assumption such as that the 
incoming protons have a wide energy spread. In striking contrast no marked inhomogenety is indicated 


for the higher auroras. 


1. The quantitative information available on local scale heights in the upper 
atmosphere is based mainly on the thickness of the ionized layers and on the 
auroral luminosity curves. Though the results obtained are in remarkably good 
agreement (cf. HaranG, 1946) they should be viewed with caution. The iono- 
spheric method depends on a number of dubious simplifying assumptions; thus 
no account is taken of the possibility that both the F, and F, layers may be 
composite in origin, that is that they may be formed by several photo-ionization 
processes; and again no account is taken of the possibility that the recombination 
coefficient, in at least the upper of the layers, may be a decreasing function of the 
altitude. It has of course long been realised that the simplifying assumptions 
might introduce serious errors, but because of the agreement between the deduced 
scale heights and those obtained from the independent auroral method there has 
been a tendency to suppose that the necessary corrections (which, in the present 
state of knowledge would be difficult to estimate) are not, in fact, unduly great. 
One of the purposes of this note is to point out that the agreement is actually 
fortuitous, the procedure followed in analysing the luminosity curves being 
incorrect. 

2. In the calculations on scale heights the primary auroral particles have been 
taken to be electrons, and it has been assumed that at altitude z their flux, S(z), 
and the intensity of the emission, /(z), are given by 


and 


where uw is a so-called absorption coefficient, M(z) is the mass of air penetrated. 
and C is a constant. Accepting these, it may readily be shown that if z, is the 





* Affiliated to the Geophysics Research Directorate of the U.S. Air Force, Cambridge, Mass. 
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altitude of the level where the intensity is a maximum, and if H(z) is the local 
scale height there, then 


I(z) = I(z) exp (1 — — ex He) }) (3) 


Using this formula Harane (1946) has sought to deduce the local scale height at 
various altitudes from some careful photometric measurements he made on the 
intensity distribution along auroral streamers. His results cover the entire region 
between the 100 km and 270 km levels. They have been widely quoted in the 
literature though doubts on their validity have been cast by VEGARD (1939). 

Before proceeding to the more general examination of formula (3) it may be 
remarked that the scale heights obtained for altitudes above 185 km must in any 
event be discarded. The reason for this is that the higher auroras studied are 
stated to have been sunlit. Consequently a considerable part of their luminosity 
must have been caused by the resonance scattering of solar radiation. In these 
circumstances the intensity at any altitude depends on the concentration of 
nitrogen molecular ions (BATES, 1949) which is controlled by factors not included 
in Harane’s theory. Even if it were otherwise correct the theory would, therefore, 
be inapplicable to auroras of this special type. 

Consider now the ordinary auroras. Formulae (1) and (2) might at first appear 
reasonable, the former seemingly being the usual exponential law and the latter 
seemingly expressing that the intensity of the light is proportional to the rate of 
diminution of the flux of the primary particles, that is to the rate of dissipation 
of energy. They are however based on a misconception. The exponential law is 
not concerned with the absorption of particles. It is concerned with an entirely 
different question, with their Joss from the incident ray either through change of 
energy or through change of direction in the very restricted sense that each particle 
which makes a collision of any type, inelastic or elastic, is regarded as lost (cf. MASSEY 
and BuruHop, 1952). This loss is obviously not of direct relevance. What happens 
in auroras is that the incoming particles are gradually slowed down by the numerous 
excitations and ionizations they produce. In addition they suffer many deflections. 
Because of the high energies involved most of these are through very small angles, 
but their effect accumulates and near the base the particles must travel in all 
directions, some being reflected backwards*. A further complication is caused by 
the rapid increase of the collision cross sections as the velocity of the electrons 
decreases (cf. Massey and Buruop, 1952). It is apparent, then, that formula (3) 
does not describe the phenomena. The fact that it fails can be seen most readily, 
perhaps, by considering the entry of a beam of fast electrons into a gas of uniform 
density. According to HaRANG’s theory the luminosity would fall off exponentially; 
whereas in fact it would rise to a maximum before the end of the range. The prob- 
lem presented is being investigated but will not be discussed further here as the 
recent work on atomic hydrogen lines in auroral spectra (cf. MEINEL, 1951) makes 
it at least not improbable that the incoming protons, rather than the incoming 
electrons, are the main ultimate source of the energy of the emission. 





* The Earth’s magnetic field of course exerts a confining action on the beam. It may be noted in 
this connection that the radius of the orbit of a 10 k.volt electron moving perpendicular to a field of 0-5 


gauss is only 700 cm. 
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Unlike electrons. protons are not scattered significantly in their passage through 
the atmosphere. There is therefore no difficulty in calculating the distribution of 
luminosity associated with them. For the sake of definiteness only a single model 
atmosphere (one not essentially different from that of HARANG) was treated. In 
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the region up to 110 km the recommendations of Bates and NIcoLetT (1950) 
were followed, and in the region above it was assumed that the temperate rises 
linearly to 1000°K at an altitude of 200 km (Bates, 1951). Fig. 1 shows the values 
of the path length of air at 8.T.P. that must be traversed to reach various levels*. 


Table 1. Observed values of parameters of luminosity curves 





Altitude of level of 


maximum intensity 





km | km 
100 | 13-5 
110 | ibs-2 
120 | tet t-te 
130 | 22s) 
140 . 25-3 

150 21-8 30°83 | 

160 (33-0) | (46-0) (60-0) 





From these path lengths and laboratory range data (LANDOLT-BORNSTEIN, 1952) a 
proton energy versus altitude of penetration graph was constructed. It will be noted 
(Fig. 2) that the energies are quite low for the higher aurorae—indeed from the 
view point of collision theory the protons concerned would not be regarded as 


* In the computations two oxygen atoms were treated as equivalent to one oxygen molecule. 
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fast. This may be of importance in investigations on such features of the spectral 
emission as the relative intensities of the individual members of electronic band 
systems. 

Finally the rate of emission of light was assumed to be proportional to the rate 
of ionization and from the Bragg curve* (LANDOLT-BORNSTEIN, 1952) the distri- 
bution of luminosity was determined in a number of cases. Fig. 3 illustrates some 
of the results obtained. As would be expected the maximum intensity for a given 
proton flux is a rapidly decreasing function of the altitude of the aurora. It is 
apparent that an aurora of moderate intensity whose altitude is much above the 
average needs a very considerable proton flux 
for its production: for example an aurora, the 
intensity of which corresponds to an ionization 
rate of only 10?/cm3/sec, and the altitude of 
which is 140 km, requires a proton flux of some 
106/cm2/sec. 

Harane (1946) found it convenient to 
characterize the observed luminosity curves 
by t,” and ¢,”, the distances between the level 
of maximum intensity and the two levels at 
which the intensity is a fraction n of the maxi- 
mum, the subscript w referring to the level in 
the upper part of the aurora and the subscript 
l to the level in the lower part. Table 1 gives 
the values he obtained for these parameters. 
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Comparing them with Fig. 3 it may be seen a i a eee 

that the theoretical luminosity curves for Intensity arbitary units 
auroras at altitudes of about 110 km or less 
are far too sharpt. Straggling effects are quite utions for homogeneous beams of protons. 


Fig. 3. Calculated luminosity distrib- 


insufficient to account for the discrepancy. (For a flux of a single proton/cm?/sec. the 

E . . é : a maximum rate of production of ions 

A conceivable explanation is that the incident is approximately 0.02,(10-%*2)/em?/sec., 

protons are not homogeneous but have instead where x is the distance, in km and 
j pb a ao uae : measured positive upwards, of the maxi- 

a very wide energy spread. This possibility is mum from the 100 km level). 

far from attractive and should not be accepted 

lightly. Some support for it is, however, provided by the studies that have been 


made on the H, emission following eleetron capture into excited states 


e+ Fw +e) (4) 
H'’ >H+h | 


MEINEL (1951) has found that the maximum Doppler displacement of the line 
corresponds to a kinetic energy of about 50 k.e. volts. As he has pointed out, this 
implies that the probability of capture is inappreciable at greater energies. Now 
at the 100 km level the range of a 50 k.e. volt proton is only some 1:3 km. If 
the incident protons were homogeneous the H, emission would therefore be mainly 

* Unfortunately some uncertainty is caused by the fact that the low energy part of the Bragg curve 


has not yet been determined accurately. 
t A similar result was found by VEGARD (1939) for the luminosity curves of « particles. 


215 





D. R. Bates and G. Grirrine: Scale height determinations and auroras 


confined to this narrow altitude interval. Such a very severe limitation on the 
vertical extent of the luminosity is not suggested by the recent observations of 
MEINEL (1952); and the natural inference is that all the incident protons have net 
the same energy. Further work is however necessary for, as MEINEL remarks, 
the finite width in latitude of an aurora magnifies its apparent vertical extent. 

On referring again to Fig. 3 it will be noted that the calculated luminosity 
curves of auroras at altitudes of about 130 km or more are quite broad*. Indeed 
they do not differ seriously from the measured luminosity curves and could be 
brought into harmony with them by making relatively minor changes in the model 
atmosphere adopted. If this model is approximately correct (which cannot now 
be regarded as certain), and if incident protons are the cause of both the higher and 
the lower auroras, then those causing the former would appear to be very much 
more homogeneous than those causing the latter. Needless to say it is not yet 
proven that protons are responsible for any aurora. 
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* The increased width is partially due to the greater scale height, and partially due to the fact that 
the protons concerned lie on the low energy side of the maximum of the Bragg curve so that the ionizing 
efficiency decreases during their passage through the atmosphere and partially compensates for the 
increase of the gas density. It may be mentioned incidentally that the energy of protons which penetrate 
only to the 140 km level is such that electron capture could occur at any altitude. Observations on any 
Hz, emission from the higher auroras would be of considerable interest. 
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ABSTRACT 


The total cosmic ray intensity at 70,000 ft. has been measured during the day and night using a single 
counter. A total of 18 flights has been made and no systematic difference between the day and night 
intensity has been found greater than the experimental error of 1-4%. This result leads to an upper 
limit of 0-6 x 10%4 gauss cm’ for the dipole moment of the sun. 


1. INTRODUCTION 


In 1937 JaANossy pointed out that the presence of a solar magnetic dipole moment 
would produce a cut off at the low energy end of the primary cosmic ray spectrum 
together with a diurnal variation in the intensity due to the rotation of the earth 
relative to the Stérmer cone of forbidden directions. This variation is confined to 
particles of low energy which are unable to penetrate the atmosphere to any great 
depth and consequently it can only be detected by making observations at great 
altitudes. 

Measurements of this kind have been carried out by Korrr (1940) who made 
two day and two night flights at latitude 56°N. to an altitude of ~ 22 km using 
a single counter to record the intensity. On the basis of these observations he 
estimated that there was no systematic difference between the day and night 
intensities greater than 2%. PoMmERANTz (1950) and Pomerantz and McCLure 
(1952) from balloon flights at 52 and 69°N using vertical counter telescopes state 
that they were unable to detect any significant difference between the day and 
night intensities but the errors in measurements are not quoted. BERGSTRALH 
and SCHROEDER (1951) have measured the total intensity, the y-ray intensity and 
the neutron intensity at altitudes up to 23 km at 56°N on one day and one night 
flight. The flights were made during the two periods 0030 to 0830 and 1800 to 
2200 hrs. There was no systematic difference greater than the experimental 
uncertainties which were approximately 1°% for the ionizing intensity, 3% for 
the y-rays and 2% for the neutrons. Measurements using a counter telescope 
carried in an aeroplane at 9 km have been made by DoLBeEaR and ELLIoT (1950) 
for latitude 55°. Three flights were made and the difference in intensity between 
day and night was found to be not greater than the experimental error which 
amounted to approximately 1%. 

It is well known that irregular day to day changes occur in the cosmic ray 
intensity at sea level which are associated with solar and geomagnetic activity and 
as a consequence of this it is necessary to average over a long period of time in order 
to obtain reliable data on the diurnal variation at sea level. Day to day changes of 
this kind are likely to be more pronounced at great altitudes since there is a greater 
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contribution from low energy primaries which are expected to be most affected. 
The results described above have been obtained from comparatively few flights 
and consequently there is a possibility that any systematic difference between the 
day and night intensity may have been masked by irregular variations of this 
kind. It follows that a completely reliable estimate of the intensity difference 
between day and night can only be obtained if a large number of flights are made. 
With these considerations in mind a series of eighteen flights has been made from 
Manchester (geomagnetic latitude 57°N) during the spring and summer of 1952. 
In view of the number of flights contemplated the apparatus had to be of simple 
construction and a single counter was decided upon as the best compromise 
between requirements of simplicity and high counting rate. On each of the eighteen 
flights for which the data has been used the equipment ascended beyond the 
Pfotzer maximum and the day and night intensities have been compared at the 
maximum. This procedure does not involve the use of pressure measurements 
and therefore avoids the introduction of errors due to the pressure indicating 
device which in this case only served to indicate the progress of the flight. 


2. DESCRIPTION OF APPARATUS 


The intensity was measured by means of a single counter 15 cm long and 2-5 cm 
diameter. The counters used were of the low voltage type containing a mixture 
of neon and argon with bromine as the quenching agent and had operating voltages 
in the region of 350 V. The counter was mounted vertically inside a thin double 
walled metal cylinder containing water and surrounded by a 2 cm thick wall of 


thermal insulating material. This arrangement ensured that the temperature of 
the counter did not fall much below 0°C which was well above the minimum 
satisfactory operating temperature (—50°C). The total amount of absorbing 
material surrounding the counter including the water and the counter walls 
was approximately 1 gm cm. 

Pulses from the counter were amplified and then fed to a radio transmitter so 
as to produce 100°, modulation. Pressure indicating signals were transmitted 
by means of an audio oscillator the frequency of which was governed by an aneroid 
capsule and which was arranged to modulate the transmitter to a depth of 25%. 
The frequency of this oscillator was measured at the ground station, and the 
pressure level at which the equipment was flying could then be determined by 
referring to a previously prepared calibration chart. 

Power for the transmitter and an associated electronic equipment was supplied 
by Vaisala type batteries which were placed together with the miniature dry 
batteries supplying the counter voltage in a thermally insulated enclosure. This 
enclosure was surrounded by a white cardboard radiation shield which served to 
eliminate any systematic day and night difference in battery temperature due to 
solar radiation. The total weight of the equipment including the parachute was 
3-2 kg and a single 2 kg rubber balloon sufficed to lift it to heights well above the 
intensity maximum which for the equipment used here occurred at ~ 21 km. 
The rate of ascent was ~ 300 m/minute and records were normally available 
for both the ascent and for the parachute descent. 
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A block diagram of the ground station equipment is shown in Fig. 1. The 
signal from the radio receiver was continuously monitored by means of a cathode 
ray oscilloscope and was 
then fed to a voltage dis- 
criminator which enabled 

Variable 
the counter pulses to be Receiver Amplifier "2.0. A.F. 
separated from the audio Oscillator 


frequency pressure signal. 

The counter pulses were forms 
then passed through a 1 one 

millisecond single stroke 
multivibrator and cathode Multvibrotor 3 channel 
follower to an electronic —— @ wed 
scale of 64. The multi- 
vibrator was included in 
order to fix the dead time ‘Snail gaeker 
of the system at 1 milli- Fig. 1 

second for all sets of equip- 

ment used. The pulses from the scaling unit operated a pen on a paper tape recorder. 
A second pen recorded timing pulses provided every minute by a clock and a third 
pen was used to indicate any portions of the record which were unreliable. This 
pen was operated by a press button switch which was closed when the signal 
faded or the receiver drifted off tune as indicated by the monitoring cathode 


ray tube. 



















































































Discriminator 


In order to measure the pressure altitude at which the equipment was flying 
the receiver output was also fed through an amplifier to the X plates of an oscillo- 
scope the Y plates being connected to a calibrated variable frequency oscillator. 
By suitably adjusting the frequency of this oscillator so as to produce a stationary 
pattern on the oscilloscope the frequency of the pressure signal and hence the 
pressure itself could be determined. 


3. EXPERIMENTAL RESULTS 


During the period 17th March 1952 to 23rd July 1952 a total of 11 day and 7 night 
flights has been made. All flights reached an altitude of at least 22 km and the 
maximum altitude reached was 34km. Four sets of equipment were used and in 
general these were recovered undamaged so that each set was used for several 
flights enabling a direct comparison of day and night intensities to be made using 
identical equipment. As has already been pointed out the intensities were com- 
pared at the Pfotzer maximum and in order to do this the counting rate was first 
plotted as a function of time as shown in Fig. 2 which illustrates a typical flight. 
The equipment was airborne at 2320 and passed through the maximum at 0025 
after which it continued to rise until the balloon burst at 0102 when the parachute 
descent began and the equipment once more passed through the maximum at 
approximately 0112 hrs. 

The ascending and descending portions of the flight in the neighbourhood of 
the maximum were combined and the maximum intensity was found by plotting 
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average rates over 4 minute intervals. The statistical uncertainty in the maximum 


rate evaluated in this way amounted to ~ 0-5% for a single flight. The flight data 
were combined for each set of 


equipment and the results are 
shown in Table 1. The mean 
value for the difference in in- 
tensity between day and night 
is 0-5 +-1:4%. The average 
time at which the observations 
were made was 1330 for the 
day flights and 0040 for the 
night flights. The error quoted 
was calculated from the scatter 
of the values given in the table. 


Altitude ——> 
10 








4. Discussion oF RESULTS 





No systematic difference in 
the day and night intensities 
greater than the experimental 
error has been detected during 
the course of these experiments. 
It will be seen from Table | that 
variations in the intensity of 5 
or 6°%, sometimes occur and it 
is these variations which limit 
the accuracy attainable. It 
follows that a much larger 
number of flights would be 
| | required in order to establish a 
00:30 0100 0130 es ’ y 
sh 1it'9 lines i difference if it exists. Never- 
¥ theless it is of interest to 
~* compare the result obtained 
with that which would be expected on the basis of a general solar magnetic field. 
The expected difference in intensity for the times at which the day and night 
flights took place has been calculated for vertically incident particles for three 
values of the solar magnetic moment. The method of calculation was similar to 
that outlined by Dwicut (1950) taking into account the results of calculations by 
KANE, SHANLEY and WHEELER (1949) on the scattering of particles into periodic 
orbits by the earth’s magnetic field. The primary spectrum used was that given 
by NEHER (1952) which is of the form 
0-048E'? dk 
E(1 + 0-0984)3? 
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Although vertical incidence is assumed in the calculation the results would not 
be materially different if all directions of incidence were taken into account since, 
as is shown by the terrella experiments of MaLMrors (1945) the direction of the 
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particle trajectories outside the earth’s field does not vary appreciably over a wide 
range of incidence directions at the earth. The calculated values for the intensity 


Table 1. 





. Time at Maximum my 
Sonde Maminees Rate Day-Night 


i G.M.T. counts| Min difference E 
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difference are shown in Table 2 for three values of the solar magnetic moment 
M, together with the corresponding equatorial field strength H.,,. 
H, (gauss) M, (gauss cm’) Day-Night 
difference 
30 1:00 x 10% 6-8%, 
18 0-60 x 1034 30% 
3 0-42 x 1034 1-6% 

Comparison of these calculated values with experimental results of 0-5 + 1-4% 
for the difference leads to the conclusion that the solar equatorial field is not likely 
to be greater than 18 gauss but the existence of a field smaller than this cannot 
of course be excluded. Van ALLEN and SINGER (1952) and SrncerR (1952) have 
discussed the apparent absence of low energy cosmic ray primaries, together with 
available evidence on the diurnal variation at great altitudes, in terms of a possible 
solar field and have reached similar conclusions. 

Although the Manchester flights were made with the primary intention of 
investigation the diurnal variation the results obtained indicate the presence of 
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marked day to day fluctuations in the intensity as shown by Table 1. The fluctu- 
ations seem to be associated to some extent with geomagnetic and solar activity 
but the data are at present insufficient to enable any definite conclusions to be 
reached. It is intended to investigate these variations in intensity in more detail 


in the future. 
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Atmospheric electrical conductivity near the earth’s surface 


ABSTRACT 
Discrepancies between the measurements of O'DONNELL (1951, 1952) and Ho«ge (1939) of the polar 
conductivities of the atmosphere near the earth's surface are shown to be due to the different conditions 


of measurement. 


1. Introduction 
In a recent paper in this Journal (O'DONNELL, 1951) and in another paper (O'DONNELL and 
HEss, 1952), results are given of measurements of the polar conductivities of the atmosphere 
at ground level and at a height of 1m. These results appear to be at variance with earlier 
results of similar nature, particularly those of Hoce (1939). 

It is the purpose of the present work to show that this discrepancy is not real because the 
conditions of the two sets of measurements are very different. 


2. Fields and conductivities 
If F,, F are the fields at the ground and at | metre, A,,, 4, the positive and /,,, 4, the negative 


g° 


conductivities and bys i the conduction currents at the two levels then: 


and 


i= (4, + 4,)F 


At the ground, there can be no conduction current due to negative ions, unless these come 


out of the ground itself, so 
(3) 


Measurements (e.g. SCRASE, 1935) have shown that F and F’, are nearly equal, and so, on 
"g a 


the assumption that /,, and A, are the same, the conclusion is reached that : Bg 
D A, th 
1 2 


i.e. approximately one half. In order to account for this it would be necessary to assume 
some “‘non-conduction” current at a height of 1 metre about equal and opposite to /,. 

But measurements by NOLAN and NOLAN (1937) showed that 7, and 7 were equal to 12°, 
and this leads to the conclusion that 4,, and /, are not equal. Hoge (1939) measured 4,,, A, 
and /,, and found 4,, = 4, + 4, which agrees with Fg = F and 7, = 7. CHALMERS (1946) 
showed how this could occur if the rate of production of ionisation varies with height and HEss 
and O’DONNELL (1951) have shown that such a variation does occur. 

The matter appeared to have been settled satisfactorily but in his recent results (1951, 1952), 
O'DONNELL has found considerable divergences from Hoce’s result that A,, A, + 4g, and 
this would appear to raise the whole problem again. 


3. Conditions of Measurement 


Hoce (3) measured /,, by drawing in air near the ground, in an exposed position, such that 
negative ions when produced would immediately move upwards in the existing field; positive 


It is to be expected, as Hoce 


ions, on the other hand, are moving downwards from above. 
in the same way, by 


found, that A,, is very small. NoLan and NoLawn (1937) measured /, 
using natural conditions and measuring the current entering a portion of the earth. 

But O’DoNNELL (1951, 1952), as he expressly states, had his apparatus “always set up 
under the branches of large trees as a protection from the field of the earth.”’ Presumably the 
protection was necessary in order that there should not be any induced charge on the collecting 
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cylinder to attract or repel ions. But, in doing this, O.DONNELL has got away from the con- 
ditions in which the equations (1) (2) and (3) hold, for, if his protection is complete, F #, 7, 
and / are all zero, and it is not possible to draw any conclusions from O’DONNELL’s results in 
connection with the discussion in the last section. 

If O'DoNNELL’s protection from the earth’s field was complete, and if there is no difference 
between the properties of positive and negative ions, then /,//, and /,,//,, would be expected 
to be unity. If there is little mixing of the air, then /,,//, w ould depend on the ratio of the rates 
of production of ions at the two levels (diffusion and recombination would also come into play); 
with increasing mixing one would expect /,,/4,; to approach unity, as O'DONNELL found with 
increase of wind velocity. 

For any consideration of ionisation equilibrium or similar problems, measurements such as 
those of O'DONNELL clearly are those most desirable, but for problems in which electric currents 
and fields are concerned, it is necessary to make measurements in places not protected from 
the field, in spite of possible effects of induced charges on the collecting cylinder. 

The conclusion reached is that the discrepancy between the results of O'DONNELL (1951, 
1952) and of Hoce (1939) is due to the absence and presence of the electric field in the 
atmosphere. 


Durham Colleges, University of Durham 
J. ALAN CHALMERS 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), ESKDALEMUIR (Es) and Lerwick (Le) 


January 1953 to February 1953 


The figures given on pages 225 to 226 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21-24 hrs for the eighth figure. 


January 1953 





Ab Es Le 
Range for K = 9 : 500y Range for K = 9 : 750y Range for K = 9 : 1000y 


S 
S 
< 





K-Indices K-Indices Y K-Indices Sum 





3323 3343 2322 3333 3322 2233 20 
2133 4553 2133 4443 1123 3443 21 
3221 3332 2111 2332 2111 2232 14 
2111 0222 2001 1222 2211 1221 12 
1355 4655 1255 4545 1255 4555 32 
3223 3533 3123 2423 2112 2423 17 
2122 3321 2111 2221 2121 2322 15 
3221 2122 3221 1022 3321 1122 15 
4012 2333 4011 2233 3011 1233 14 
lll 3213 1101 2113 1100 1113 8 
4221 2122 4210 1112 4211 1121 13 
2211 3310 ‘ 2100 3210 2111 2201 10 
1113 3244 1102 3143 1101 2144 14 
2223 2222 3211 1222 3221 1213 15 
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1011 2124 1102. 1014 1011 1013 
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0125 4334 0124 4334 0114 4334 
5534 4565 5433 4565 4523 3575 
4235 4553 4224 4452 5323 4452 
2333 3445 2232 3444 2222 3445 
4333 4453 4322 3352 4323 3352 
4333 3441 3332 3431 3232 2432 
4323 3222 3323 2122 3322 2121 
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Book review 


Cloud Chamber Photographs of the Cosmic Radiation 
by G. D. RocuEestTER and J. G. WILSON. 


vili + 128pp. with 123 plates Pergamon Press Ltd., London, 1952. 70s. 


In 1940 there was published in Berlin by the house of Springer an Atlas of typical cloud-chamber 
photographs, prepared by Professor W. Bo7THE and his collaborators, Dr. W. GENTNER and 
Dyr57 Hi. ee Original workers in this country, France and America had con- 
tributed to the fine collection of photographs assembled for the purpose of this atlas, but the 
time of its publication and the hazards of the five vears of war which followed had the sad effect 
of delaying the appearance of the atlas in the libraries of those countries which were Germany's 
enemies, and ultimately of reducing the scale of possible distribution. It was a most handsome 
publication, and it became a matter of rejoicing that a British firm, Pergamon Press, should have 
decided to bring out a new edition of the atlas when conditions improved after the war. They 
properly decided that the whole field could no longer be covered in a single volume, and they 
commissioned Drs. ROCHESTER and WILSON to prepare the first of two volumes—an atlas of 
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cloud-chamber photographs of the cosmic radiation. They were fortunate in being able to entrust 
the printing to H. Stiirtz A. G. (University Press, Wiirzburg) with whom the printing of the 
original atlas of GENTNER, MAIER-LEIBNITZ and BoTtHE had been placed, and, as was to be 
expected, the result was again a very handsome volume indeed—this time fortified by stiff 
covers as it deserves. 

It is instructive to compare the section headings of the new atlas with those of the cosmic 
ray section of the old one. The comparable photographs in each are presented in effect under 
five heads. In the new volume the headings are (after a short section on techniques illustrated 
by 26 plates) (i) electrons and cascade showers, (ii) slow “-mesons and their decay, (iii) nuclear 
disintegrations and interactions of secondary particles, (iv) V-particles, (v) heavy primary at 
95000 feet (a single plate). In the old atlas we find (i) single cosmic-ray particles, (ii) cascade 
showers, (iii) showers involving a few particles only, (iv) air showers, (v) explosion showers. 
A rationalisation of nomenclature is evident, but even more important is the emergence of the 
problem of the unstable particles of intermediate mass—the mesons of various types—as the 
central problem of cosmic-ray physics. There was the barest hint of this emergence in 1940. 
The total number of plates has been more than doubled (97 as against 44 in the comparable 
sections), and, as was almost inevitable, a proportion of the old plates (8 out of 44) reappears 
in the new collection on account of intrinsic interest or for the entirely blameless purpose of 
recording priorities. In this latter connection the present reviewer would have been happy to 
have seen a reproduction of a photograph by ORBAN (Sitzber. Akad. Wiss., Wien, Ila, 140, 121 
(1931), Plate II, fig. 4) following Plate 29 (SkoBELzYN 1929). And, continuing his carping 
criticism, he wonders why Plate 56 (KuNzE 1933) is presented as a negative when all others are 
positives—and when this particular photograph was in fact reproduced as a positive (Plate 51a) 
in the old volume! 

What has just been said is indeed criticism in matters of detail; in true gratitude for a really 
notable addition to the review literature of physics a more balanced assessment of achievement 
is obtained by measuring success against the professed aims of the authors. This basis provides 
no grounds for reservation: there can be no quarrel with the decision to weight the selection 
“towards topics in which the cloud chamber method is at present making, and may be expected 
to continue to make, important contributions’’—and there can be nothing but praise for the 
legends attached to photographs in which “it has seemed useful to add brief descriptions of 
construction, control, operating conditions and performance, which will give some indication 
of the wide variations of design which have proved of value under different conditions.’ These 
legends further exemplify, most admirably, the complex processes of critical interpretation 
which are necessary to endow the photographs with meaning, and the measurements made on 
them with significance in the realm of sub-atomic physics. 

There remains only the claim which Professor BLACKETT puts forward in introducing the 
volume and its authors. ‘““To many non-physicists too I think the book should make a definite 
appeal, if only for the visual beauty of the patterns of the tracks woven by these energetic 
elementary particles.’ I would not join issue here on a matter of aesthetics, or question the 
correctness of Professor BLACKETT’s estimation of the current situation. I would merely ask 
the question whether a scientist can regard such a popular appeal with complete satisfaction. 
It is indeed a debatable point—and it is good, therefore, that it should have been unashamedly 
expressed—but, whether the answer is ‘“‘Yes”’ or ‘‘No’’, this much can be said without fear of 
contradiction, that if the intelligent layman were presented with the original photographs from 
which THOMSON established the properties of the electron, or those from which RUTHERFORD 
deduced the properties of the x-particle, and then with some of the photographs from which the 
properties of the mesons are now being derived, he could not escape the intuitive feeling that 
there is more excitement about the later investigations than about the former. Counting heads, 


I am convinced that he would be right. 
N. FEATHER. 





Announcement 


Conference of Radio Meteorology, The University of Texas 
Austin, Texas 


NOVEMBER 9-12, 1953 


General Conference Committee 


. M. Fannin C. W. Hostetter, Jr. 
C. FREEMAN, Jr. K. H. JEHN 
. R. GERHARDT A. W. STRAITON 


Announcement and Call for Papers 


A Conference on Radio Meteorology will be held at The University of Texas, Austin, Texas, 
from November 9 through 12, 1953. Sponsoring and participating organizations will include: 


American Meteorological Societv—126th National Meeting 

Radar Weather Conference—4th Annual Meeting 

Professional Group on Antennas and Propagation of the Institute of Radio Engineers 

National Commission II on Tropospheric Radio Propagation of the International Scientific 
Radio Union and the Joint Commission on Radio Meteorology 


It is anticipated that sessions of the Conference on Radio Meteorology will be held on the following 
topics: 
. Cloud Physics and Precipitation Mechanisms 
2. Radar Rainfall Determination 
. Operational Use of Weather Radar 
. Tropospheric Propagation and Attenuation of Radio Signals 
5. Refractive Index Meteorology and Climatology 
3. Thunderstorm and Tornado Atmospherics 
. Fading Characteristics of Atmospheric and Surface Reflected Radio Signals 
8. Atmospheric Turbulence and Scattering 
%, Radar Analysis and Meteorological Structure of Tropical and Sub-tropical Disturbances 


Papers on any of the above topics will be welcome and those not specifically included but which 
might be of common interest to the radio engineer and meteorologist will be considered by the Committee. 
It is tentatively planned to schedule review papers on several of the above topics in order to permit 
more effective co-operation of the meteorologists and radio engineers on their common problems in the 
field of radio meteorology. 

The following groups will act as host organizations for the Conference: 

Central Texas Branch of the American Meteorological Society 
Austin-San Antonio Section of the Institute of Radio Engineers 


In addition, two advisory committees are assisting in the general planning of the Conference on Radio 
Meteorology. These include the Radar Weather Committee of the American Meteorological Society 
and a special Conference Steering Committee consisting of representatives of each of the sponsoring 
organizations. This committee is composed of the following members: 


I. G. Cumuinc, Institute of Radio Engineers 

J. R. GERHARDT, The University of Texas 

W. E. Gorpow, Cornell University 

M. Katzin, Naval Research Laboratory 

J. S. MarsHa rr, McGill University 

NEWBERN SMITH, National Bureau of Standards 
K. C. SPENGLER, American Meteorological Society 


All communications and papers intended for the Conference should be sent to: 


Mr. Jonun R. GERHARDT, 
Conference on Radio Meteorology, 
Box F, University Station, 
Austin, Texas. 


Titles and 100 word abstracts should be received by 1 July, 1953. Two copies of a 1500-2000 word 
long summary, the original being in black type suitable for reproduction, should be submitted by no 
later than 1 September, 1953. It is planned to make a complete set of the Conference papers available 
to all participants in the Conference prior to the actual meetings. 

Further details pertaining to the desired form of the long summaries, type of illustrations, registration, 
hotel and dining facilities and schedule of Conference activities will be distributed at a later date. 
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Nature and origin of sporadic E regions as observed at different 
hours (over Calcutta) 


B. CHATTERJEE 
Institute of Radio Physics and Electronics, University of Calcutta 
(Received 20 December 1952) 


ABSTRACT 


The paper describes the results of measurement on the variation of reflection co-efficient of the sporadic 
E echoes and of the statistical study of the variations of amplitude of the same, carried out, over a period 
of 8 months (March to October, 1952) at the Ionosphere Laboratory of the University of Calcutta. It 
has been possible from these measurements and studies to discriminate between two types of E, ionizations 
—thin layer type and ion cloud or blob type—causing the echoes. It was found that there is predominance 
of different types of ionizations at different hours of day and night. Thus in 78-6% of the cases observed 
in the early morning hours, the E, ionization was of the cloud or blob type of structure. It is suggested 
that this type owes its origin to ionization by sporadic meteors which are most frequent in the early 
morning. During the period of sunrise in the E layer, thin layer type of ionization were found in 83-7 % of 
the cases. Such ionization is probably caused by the production of a sharp ionization density gradient 
at the bottom of the HE layer, due to photo-detachment of electrons from negative ions of 0 and 0, by 
sun’s rays coming from below the horizon. The most common type of E, ionization in the afternoon and 
evening hours was found to be a mixture of the thin layer and ion cloud types. These owe their origin 
to travelling ion clouds coming from above. Observations also showed that E, ionization (of the mixed 
type, with a slight preponderance of the thin layer type) was associated with thunderstorms. Blanketing 
types of H, are also observed during thunderstorms. Occasionally, some thin layer types of ionizations 
were also observed in the morning, a few hours after sunrise. The origin of these ionizations seems to be 
due to some modifications of the # layer structure. 


1. INTRODUCTION 


Recent experimental and theoretical studies of sporadic EH echoes show that the 
ionization to which the sporadic echoes are due, may broadly be classified into 
_two types: (1) thin layer and (2) ion cloud or “blob” type (BEsT e¢ al., 1938). 
For the former there is partial reflection from the layer, and, as the penetration 
frequency is approached, the amplitude of the echoes due to such reflections 
decreases fairly (APPLETON and NaismiTH, 1935; APPLETON, NAISMITH and 
INGRAM, 1939). For the latter, there is scattering rather than reflection, and the 
echo amplitude due to such scattering decreases very gradually with the increase 
of frequency. There is, properly speaking, no penetration frequency. The 
frequency up to which the F, echoes are observed is somewhat dependent on the 
transmitter power and receiver sensitivity and the echoes disappear when the 
incident wave length is of the order of 47/, 1 being the scale of the fine structure 
as used in the theory of turbulence (BookER, 1950; BookER and Gorpon, 1950). 
It is thus possible, in principle, to distinguish between the two types of ionizations 
from a study of the variation of echo amplitude with frequency. The distinguishing 
test is, however, not very significant if there is a mixture of the two types of 
ionizations. Because, in such cases, the effect of scattering predominates, and 
masks the characteristic variation of the thin layer type. A surer method of 
distinguishing between the two types is to study the fading characteristics of the 
echoes. It has been found that for reflections from thin layer, the amplitudes of 
the echoes follow the Gaussian distribution function. For “Teflections’’ from the 
ion clouds or blobs, on the other hand, the amplitude distribution follows the 
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Rayleigh distribution function. And, if there is a mixture of the two types of 
ionization, the amplitude distribution follows the generalised Rice curve. A study 
of the variation of reflection co-efficient with frequency, coupled with a statistical 
study of the amplitude distribution, thus enables one to draw a conclusion regard- 
ing the nature of the sporadic ionizations producing E£, echoes. 

Such studies of the H, echoes, as occur during the different hours of the day 
and night, have been carried out by author of this paper over a period of 8 months 
(from March to October, 1952) at the Ionosphere Laboratory of the Institute of 
Radio Physics and Electronics, Calcutta University. Results of the study show 
that at different hours of the day, different types of ionizations predominate. 
Attempt has also been made in the paper to trace the origin of the different types 
of ionizations to different natural causes, e.g. meteoric impact, ionizing rays 
striking the bottom of the £ layer, lightning discharge, and vertical transport of 
ionization from regions above the # layer (MARTYN). 


2. MertHop or MEASUREMENT 


The apparatus used in the experiment was the variable frequency pulsed trans- 
mitter of 500 watts peak power in the Ionosphere Laboratory of the Institute of 
Radio Physics and Electronics, Calcutta (Lat. 22°33’N, Long. 88°21’E). The pulse 
repetition frequency of the transmitter was 50 c/s, synchronised with the mains 
supply and the pulse width was of 200 microsecond duration. A communication 
type receiver with a large bandwidth of 20 kc/s was used for reception. The 
transmitter and the receiver both employed inverted L types of aerials. The 
receiver output was delineated on a C.R.O. screen in the usual manner and the 
observations were taken visually on a scale fitted on the screen, with an accuracy 
of 1mm. Care was taken to keep the transmitter plate current, aerial couplings 
and other adjustments constant during the period of observations. 

The reflection co-efficient of the sporadic EF ionization was measured by com- 
paring the amplitude of the #, echo with that of the F layer echo. The reflection 
co-efficient of the F layer was taken as unity and the echo amplitudes were noted 
when £, echoes were absent. When measuring the variation of the amplitude of 
the E, echo with frequency, the variation of the amplitude of the F echoes (as 
present due to partial penetration of the E, layer) was also noted. The observations 
were made at regular frequency intervals, over the frequency range beginning 
from below the normal £ layer critical frequency to a frequency appreciably 
higher than the sporadic £ critical frequency. Observations on each frequency 
were carried out at intervals of 10 seconds and over a period of 3 minutes (i.e. 18 
readings). The arithmetic mean value was taken to be the average amplitude. 
It is to be noted that while the amplitude of the echo from the sporadic H layer 
is directly proportional to the reflection co-efficient (r) of the layer, that for the 
F layer is proportional to the square of the transmission co-efficient (t) of the 
sporadic FE layer (because the wave passes through the sporadic layer twice). 
As the waves reflected from these two layers travel different path lengths, the 
absolute values of the amplitudes of the two echoes could not be compared directly. 
The observed results had, therefore, to be normalised. In all the relevant curves 
drawn in the following sections, these normalised values have been plotted. 
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To measure the statistical variation of amplitude of the E, echoes with time, 
60 observations on a fixed frequency were taken at intervals of 5 seconds and over a 
period of 5 minutes duration. On certain occasions, observations were extended 
over periods of about 15 minutes for the detection of any variation of the scattering 
characteristics. 

The amplitude distribution of the HZ, echoes consists, in general, of both the 
steady components (due to reflection from thin layer) and scattered components 
(LovELL, 1946) (due to reflections from ion clouds or ‘‘blobs’’), and follows the 
Rice distribution curve (RIcE, 1945) given by 

2a 2aB B? +a? 
v(a) = 5 o(=e)e- Re 


where a is the amplitude, J, is the Bessel function of zero order with imaginary 
argument, B is the amplitude of the steady component and R is that of the 
scattered component. 


l _ (a ~ VBR + R22)? 
approximates the Gaussian distribution function, y(a) = VR e 2 
7 


R 


But, if the scatter component is large (ic. for Be g 1), the curve approxi- 


2a 2 
mates the Rayleigh distribution function, y(a) = PR Pa ah 


The statistical study consists in the examination of the closeness of the fit of 
experimental amplitude distributions with the distribution functions noted above. 


3. OBSERVED RESULTS AND THEIR ANALYSIS 


The results of observations on the variation of reflection co-efficient and of the 
statistical studies of the amplitude variations, as made during different hours of 
the day and night, are discussed below. 


Early morning observations 
A typical curve illustrating the variation of reflection co-efficient with frequency 
as observed in the early morning hours, is shown in Fig. 1(a). [This particular 
observation was taken round 0330 hours on 25 October, 1952. The ionospheric 
parameters at the time were 

fr, = 2-9 Me/s; h’p, = 90km; f°p, = 3-5 Me/s; h’p, = 270 km] 


It will be seen from the curve that the reflection co-efficient is unity for 
frequencies appreciably below 2-0 Mc/s and that even at the frequency of 2-8 Mc/s, 
there is reflection from the EZ, region. [This may be compared with Fig. 2(a) to 
be discussed presently.] At the same time, reflection from the F layer of the 
partially penetrated wave increases very gradually over the frequency range 
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2-0 to 3-2 Me/s. From these observations one may infer that the ionization which 
caused FE, echoes, was rather of ion cloud or blob type than the thin layer type. 
This conclusion is confirmed by the statistical variation of the amplitude with time. 
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Fig. l(a). Typical variation of the squares of 
reflection and transmission co-efficients of H, region 
with frequency, as observed in early morning hours. 
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AMPLITUDE (a) ———> 
Fig. 1(b). Typical curve for statistical distribution of 


amplitude of the EF, echoes as observed in the early 
morning hours. The case is for that shown in Fig. I(a). 


The amplitude distribution curve, taken on 2-0 Mc/s, on the same night and 
about the same hour, is shown in Fig. 1(b). The curve shows a close fit with the 


: be aloe | en 
theoretical, Rayleigh distribution curve (for - a 0-5; curve drawn on the 


same graph) which is expected for ‘reflections’ from ion clouds or blobs. 

Such early morning observations were carried out on 42 occasions and in 33 
of these the variation of reflection co-efficient with frequency and the amplitude 
distribution curves were of the type discussed above. 

Regarding the origin of the ion cloud or blob type of ionization in the early 
morning, one may recall that at such hours the rate of incidence of sporadic 
meteors is the highest (BARAL, 1952). It is therefore, not unreasonable to conclude 
that early morning £, ionization is associated with the ionization of the meteor 


trails. 





Nature and origin of sporadic EH regions as observed at different hours (over Calcutta) 
Sunrise observations 


These observations were taken before ground sunrise, at the time when the sun’s 
rays strike the bottom of the FH layer, after passing over the ozone layer. This 
particular observation was taken round 0530 hour on April 4, 1952. The iono- 
spheric parameters were 


f° = 1:95 Me/s; fp, = 2-25 Me/s; h’y, = 90 km; f°p, = 7:95 Me/s; h’p, = 210 km. 


The reflection co-efficients were measured by taking 18 observations at 5 seconds 


interval. 
It will be noticed that in contrast to the similar curve in Fig. 1(a), the reflection 
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Fig. 2(b). Typical curve for statistical distribution 
of amplitude of the H, echoes immediately before 
sunrise. The case is for that shown in Fig. 2(a). 


co-efficient falls from a value near unity to a value nearly zero within a frequency 
range of only 0-3 Mc/s. The amplitude of the echo from the F layer, due to partial 
reflection, also rises in a correspondingly steep manner. From these observations 
one may infer that the ionization which caused these H, echoes was of the thin 
layer type (RYDBECK, 1944). Studies on statistical variation of the amplitude also 
confirms this view. Fig. 2(b) depicts the amplitude distribution curve. This has 
a close resemblance with the Gaussian distribution curve for ¥ = = 5-0 (also 
drawn on the same graph). As already pointed out, such distribution curves are 
expected for echoes from the thin layer type of ionizations. 

Sunrise observations like the above were taken on 31 occasions. Of these, in 
26 cases the variation of reflection co-efficient with frequency and the amplitude 
distribution curves were of the type discussed above. 

Such thin layer ionizations, just before sunrise, may be produced by the 
increase in the electron concentration at the bottom of the # layer, due to photo- 
detachments of electrons from negative ions by the solar rays incident from below 
the horizon. It is to be noted that the solar rays, though passing above the ozone 
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layer, have to pass tangentially through a considerable thickness of the atmospheric 
gases, and as such, are deprived of the extreme ultraviolet ionizing radiation. 
However, the intensity of the radiation in the visible range remains practically 
unaltered, and light of such wavelength has sufficient energy to detach electrons 
from negative ions of O and O,. The increased electron density due to the photo- 
detachments produced a high density gradient at the bottom of the H layer and 
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Fig. 3(a). Typical variation of the squares of reflection and transmission co-efficients 
of FE, region with frequency, as observed in the afternoon and evening hours. 
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Fig. 3(b). Typical curve showing statistical distribution 
of amplitude of the E, echoes in the afternoon and 
evening hours. The case is for that shown in Fig. 3(a). 


this behaves as a thin layer sporadic Z. These sunrise sporadic E’s last approxi- 
mately up to the time of ground sunrise i.e., when the sun’s rays come horizontal. 
Afterwards, the # layer regains its normal ionization distribution. The duration 
of the sunrise £, is thus approximately 30 minutes and changes with the season. 

It may be mentioned here that the increase of ionization immediately before 
ground sunrise, by sun’s rays passing over the ozonosphere, had also been studied 
by GHosH (1938; Mirra, 1952) at Calcutta. He, however, did not call it sporadic 
E and considered it merely as an intensification of the E ionization by solar rays 
striking at the bottom. 
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Afternoon observations 


Fig. 3(a) shows a typical variation of the reflection co-efficient with frequency as 
observed in the afternoon and evening hours on quiet days (i.e. when there were 
no thunderstorms). [This particular observation was taken round about 1430 
hours on October 21, 1952. The ionospheric parameters at that time were 


f° x = 2:9 Me/s; fp, = 6-55 Me/s; h’p, = 90 km; f°, = 11-1 Me/s; h’p, = 210 km.] 


It is to be noted that there is a markedly sharp fall of reflection co-efficient up 
to 3-5 Mc/s and then the fall is very gradual with frequency—much more so than 
the corresponding curve in Fig. l(a). The amplitude of the F reflection also rises 
correspondingly slowly with frequency. The curve has, therefore, some features 
in common, with both the Fig. 2(a) type and the Fig. 1(a) type of curves. As such 
one may infer that the ionization which produces the afternoon sporadic EL, was 
a mixture of both thin layer and ion cloud types of ionizations. This conclusion 
is verified from the results of studies of amplitude distribution of these echoes as 
shown in Fig. 3(b). This curve was obtained at a frequency of 4-0 Mc/s—the 
observations being made on the same day and at about the same hour. The curve 


f 
shows a close fit with the theoretical Rice distribution curve for — =] 


on the same graph). 

All of the 15 observations made in the afternoon or evening periods and during 
quiet days (when there was no thunderstorm) were found to be approximately 
of this mixed type. 

The origin of these mixed type of EF, ionizations may be ascribed to travelling 
ion clouds coming down from the F layer, as suggested by Martyn (1950). This 
hypothesis is corroborated by the fact that a slight lowering of the F layer penetra- 
tion frequency was also observed simultaneously with the appearance of the 
E, echoes. In a few cases, a gradual decrease of the virtual heights of the £, 
echoes with time was also observed (MARTYN, 1936). These are the most common 
types of EL, observed at this station in the afternoon and evening hours (BANERJEE, 
1951). 


(drawn 


Thunderstorm observations 


Fig. 4 shows a typical curve for variation of reflection co-efficient with frequency 
as generally observed during thunderstorms. [This particular observation was 
taken round about 1715 hours on 28 July, 1952. The ionospheric parameters at 
that time were 


f°, = 2:75 Me/s; fy, = 7-65 Me/s; h’p, = 90 km; f°p, = 10-7 Me/s; h’p, = 240 km.] 


It is to be noted that the reflection co-efficient is very high up to 5-0 Mc/s and 
then it falls gradually like that in Fig. 3(a). A study of the amplitude distribution 
curve shows that, as in the case of afternoon and evening observations, the echoes 
are made up of reflections from both the thin layer and ion cloud types of ionizations. 
There is, however, the difference that the reflection co-efficient has a high value over 
a considerable range of frequency and also that there is slight preponderance of 
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the thin layer type of ionization. The origin of these sporadic H layers may be 
ascribed to the one or the other ionizing processes that have been sought to be 
associated with thunderclouds (BHAR and Syam, 1937), e.g., ionization by run- 
away electrons from the cloud (Mirra, 1952), ionization produced by the electric 
field of the cloud doublet or actual discharge between the charged cloud and the 
bottom of the ionosphere (BANERJEE, 1952). 
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Fig. 4. ‘Fypical variation of the squares of reflection and transmission 
co-efficients of H, region with frequency, as observed during thunderstorms. 





















































Not infrequently, the echoes during thunderstorm periods are also of the so- 
called blanketing types. The ionization causing such echoes has a penetration 
frequency larger than the F layer critical frequency and as such completely 
obliterates the F echoes. This ionization is also found to be preponderately of 
the thin layer type. 

In a few cases the ionization produces increased absorption over the entire 
frequency range, suggestive of increased ionization in the lower D region 
(CHATTERJEE, 1952). 

Of the 17 observations made during thunderstorms, 12 were of the type shown 
in Figs. 4 and 5 were of the blanketing types. 


Other observations 


Besides the types of observations discussed above, a definite thin layer type of 
E., possessing generally a low penetration frequency, is occasionally observed 
(generally a few hours after ground sunrise). The occurrence of this type of £Z, 
at this station is relatively rare. A typical curve of variation of reflection co- 
efficient with frequency for such type of EH, is shown in Fig. 5. [This particular 
observation was taken round about 0730 hours on September 20, 1952 and the 
ionospheric parameters were 


fon =A; fe, = 3-5 Me/s; h’p, = 90 km; f°p, = 7:95 Mc/s; h’p, = 210 km.] 


The amplitude variation shows a typical Gaussian distribution as in Fig. 2(b). 
Their origin seems to be due to the formation of some sort of prominent ledges 
(WHALE, 1951) or some bifurcation in the £ layer, the causes of which are still 
ill understood. The changes in the temperature gradient of the upper atmosphere, 
after ground sunrise, may have some effect. It is interesting to note that Brices 
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(1951) has determined the collisional frequency of electrons at the H layer height 
from observations on thin layer ionizations of this type (as in Fig. 5). 


4. CoNcLUDING REMARKS 


The studies on the variation of reflection co-efficient with frequency and the 
statistical variation of amplitude of the #, echoes, as made in the preceding 
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Fig. 5. Typical variation of the squares of reflection 

and transmission co-efficients of thin layer type of 

E, region with frequency, as occasionally observed in 
the morning hours. 


sections, show that different ionizing agencies are at work at different hours of 
the day and night, producing the sporadic EH types of ionizations. From the nature 
of the ionizing agency, one can also understand why the ionizations will sometimes 
be of the thin layer type and sometimes of the cloud or blob type. It is however 
appreciated that to arrive at more definite conclusions regarding these sporadic 
regions, such observations over much longer periods and in different latitudes 


are necessary. 
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Concerning Green’s reinterpretation of the magneto-ionic theory 


C. G. McCur* 
(Received 3 August 1952) 


ABSTRACT 
GREEN’s reinterpretation of the magneto-ionic theory is examined critically and is shown to be incorrect. 
The corrections to maximum usable frequency forecasts due to the neglected effects of the earth’s magnetic 


field and collisions are discussed briefly. 
1. INTRODUCTION 


The forecasting of the periods and frequencies for which ionospheric propagation 
is possible over a given path involves both a knowledge of the probable structure 
of the ionosphere and a knowledge of the modes of propagation which may be 
possible. At short ranges, it may normally be assumed that the radio signals are 
propagated by means of one or more approximately equidistant hops. Over very 
long ranges, however, the modes may be very complex and an empirical technique 
has been developed in which it is assumed that, if the operating frequency be 
reflected about 2000 km from the two ends of the trajectory, thus giving two 
4000 km hops, the intermediary zone will be covered and propagation will be 


possible. This procedure gives the well-known two-control point method of 


calculating the F, layer maximum usable frequencies (F, M.U.F.). 
An examination of the discrepancies between the calculated and observed 


times at which certain long-range radiotelegraph circuits were usable suggested to 
GREEN (1949a, b) at the Ionospheric Prediction Service (I.P.S.) in Australia, that 
the effective control points for these circuits were not at the positions indicated 
by the control point procedure. GREEN found that he could obtain a better agree- 
ment for the times of absorption limitation if he assumed that the F, layer hop 
length was restricted to 3000 km instead of the usual 4000 km used elsewhere. 
This causes time displacements of the absorption and M.U.F. limits due to changes 
in the latitude and longitude of the reflection points of the type needed to eliminate 
the discrepancies. However, the assumption has the disadvantage of increasing 
the discrepancies between the calculated and observed M.U.F.’s in other cases 
since it reduces the obliquity factor used for calculating the oblique M.U.F. from 
the vertical incidence critical frequency. General experience suggests that these 
factors are rather too low even when calculated for 4000 km. 

Further investigation by GREEN and Harrison (1950) suggested that these 
difficulties could be considerably reduced by introducing an empirical correction 
factor (k) into the M.U.F. formula: 


(fax) 3000 = (foF, so k) 3000 (1) 


where (fimax)3000 18 the empirical value of the M.U.F. for a circuit greater than 3000 
km in length, foF, is the critical penetration frequency of the F,-layer measured 
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on the ordinary ray at vertical incidence, X99 is the obliquity factor for a distance 
of 3000 km as derived from the h’ f-records. 
This can be compared with the customary formula 


(fmax)4000 = SOF’ « 2400 


where the meanings of the symbols are obvious. 

GREEN’S empirical correction factor (k) varies in value from }f, for a wave 
vertically incident upon the ionosphere to /,,; for a signal emitted tangentially to 
the earth. The variation of this factor may be described according to the formula 

k = 4(1 + cos*4) fy (3) 
where ¢ is the angle the upgoing signal makes with the horizontal and f,, is the 
electron gyrofrequency at the particular control point dominating the given 
circuit. 

While GREEN realised that his empirical M.U.F.-formula was not in accord 
with APPLETON’S interpretation of the magneto-ionic theory, he considered it 
to be supported by experimental observations which were made principally on the 
Melbourne-Montreal, Melbourne-London and London-Bombay radiotelegraph 
circuits. 

GREEN (1950) attempted to justify his empirical M.U.F.-formula by a reinter- 
pretation of the magneto-ionic theory. The basic idea underlying this theoretical 
analysis was that adequate allowance had not yet been made in the magneto- 
ionic theory for the effects of lateral deviation of a radio wave in the ionosphere. 
GREEN considered the simple case in which collisions are neglected, a restriction 
which will be accepted for the most part in this report. 


2. AN EXAMINATION OF GREEN’S REINTERPRETATION OF THE 
MaGneto-lIonic THEORY 

GREEN considered that the lateral deviation of a signal out of the vertical plane 
containing the transmitter and the receiver would appreciably modify the formulae 
specifying the refractive index and the polarisation of a radio wave in the 
ionosphere. He noted that, in regions of dense ionisation, the APPLETON theory 
demonstrated a marked difference between the polarisation of the wave as specified 
by the magnetic vectors of the wave, for which it is a plane ellipse in the plane of 
constant phase, and that specified by the electric vectors, in which case there is 
an additional component normal to the plane of constant phase—GREEN described 
this as a polarisation ellipsoid. Convenience has dictated the practice of describing 
wave polarisation in terms of the magnetic vectors. 

At this point GREEN departed from the customary technique. Adopting a 
technique used by Larmor (1924) by which the refractive index of an ionised gas 
may be deduced from its properties as an imperfect dielectric, he attempted to 
specify the refractive index and the wave polarisation in a convenient manner in 
terms of the electric vectors. 

GREEN firstly discussed the case of purely longitudinal propagation and showed 
that this method led to the same conclusions as APPLETON’S method (APPLETON, 
1932). He then applied this method to the case of oblique propagation. Here it 
was necessary for GREEN to set down the equations of motion of an electron under 
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the influence of the electric vectors of a radio wave in the presence of the earth's 
magnetic field. His equations were 


where m and ¢ are the magnitudes of the electron mass and charge; Hy, 7 are the 
longitudinal and transverse components of the earth’s magnetic field; Ey, , are 
the components of the electric wave vector of angular frequency w; wu, v, ware the 
components of the velocity of the electron in 
the directions x, y, z, respectively, and the 
coordinate system is defined in Fig. 1. 

Equation (4) neglects the z-component of = (direction of phose 
the electric wave vector and should be written propagation) 





(4a) H 


where LE, is specified by MAXWELL’s equations: _ 
. 


OF , 
—— = t,=0 (7) Fig. 1. Showing the coordinate 


at system used in the report. 


where i, is the x-component of the polarisation current. This invalidates the 
remainder of GREEN’S analysis. GREEN fell into this error through not realising 
that he had defined the x-direction as the direction of phase propagation and had, 
therefore, got to prove that #, was zero before his hypothesis could be sub- 
stantiated. As has been shown, £, cannot, in general, be zero, when z is defined 
as the direction of phase propagation. However, this does not invalidate the pro- 
posal that lateral deviation considerably modifies the refractive index and the 
wave polarisation in the ionosphere. 

One of the essential features of GREEN’s analysis was to eliminate the x- 
component of the electric polarisation ‘‘ellipsoid’’ and, hence, to find the direction 
normal to the plane of the electric vector ellipse. However, if this direction is 2’, 
there must automatically be an z’-component of the magnetic wave vector. Thus, 
referred to the new axes (z’, y’, 2’), the polarisation expressed in terms of the 
electric vectors is an ellipse; but, expressed in terms of the magnetic vectors, an 
“ellipsoid.”’ GREEN’S original difficulties of the electric polarisation “‘ellipsoid”’ 
have now been transferred to similar difficulties with a magnetic polarisation 
“ellipsoid.” 

Assuming GRFEN’S analysis adjusted for the omission in (4), it is necessary to 
find x’ which GREEN considered to be the direction in which the sum of the polarisa- 
tion and the displacement currents is zero. In the collision-free case, x’ is in the 


zZ 
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xz-plane at an angle (f) to the 2-direction. Following GREEN, f may be evaluated 
as below: 

: 1 OE 

I,=1, + ——* 

4n oat 

where J, is the total current in the x-direction and is the sum of the polarisation 
and the displacement currents. Similarly, 


(8) 


Also, from (7) 
Therefore 


and 


Hence, using (8)—(13) 


This direction (2#’) at an angle (f) to x purports to be the direction normal to 
the plane of the electric polarisation ellipse. If it is, it should be identical with a 
direction (x”) at an angle («) to the 2-direction for which 

Ew =E,cosa+ E,sina = 0 (15) 
whence 


t mm 16 
an a = E. (16) 


According to GREEN’S analysis, « and f should be identical. Comparing 
expressions (14) and (16), « = f only when 


E,+P,=09 


From MAXWELL’S equations 
0 0H 
—(E,+ P,)=c 
_ : :) Ox 
where H, is the y-component of the magnetic wave vector. Hence FE, + P, = 0 
implies 


y 


"= ( 
ax ies 


which is not true. Thus, the suggested method of reinterpretation is unsound. 
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BookEr (1950) has shown in considerable detail that the normal to the electric 
polarisation ellipse oscillates about a direction in the xz-plane. This direction 
depends upon the angle between the direction of phase propagation and the 
direction of the imposed magnetic field and it is given by the mean value of the 
angle « in equation (16). 


3. ConcLuDING DiIscuSSION 


Adequate investigation of APPLETON’s interpretation of the magneto-ionic theory 
reveals that it gives the electric and magnetic vectors correctly as well as the 
directions of the normals to their planes of polarisation and, hence, the PoyNTING 
vector also can be determined correctly from it. H1tNeEs (1951) has shown that, 
in the absence of collisions, the PoyNTING vector is in the same direction as the 
wave packet velocity. Consequently, it would appear that the current interpreta- 
tion of the magneto-ionic theory is sufficient and that no reinterpretation is required. 

It may be noted that APPpLETON’s analysis determines the phase refractive 
index, and with respect to this, the phase normal direction is x. However, in 
practice, it is necessary to consider energy propagation rather than phase propa- 
gation. Consequently, a wave should not be regarded as reflected when its vertical 
component of direction of phase propagation is reversed but when its vertical 
component of energy flow is reversed. This direction can be determined directly 
from APPLETON’S theory, as has been done by BooKER (1938) and others. 

All methods of calculating M.U.F.’s at present in use neglect the effects of the 
earth’s magnetic field. If these effects are to be included, the calculations will have 
to be in terms of wave packets. The theory required has been given by MILLINGTON 
(1951), ALPERT (1948), etc., but no one has yet shown how to do the necessary 
computations in a sufficiently simple manner to be usable operationally. 

It can be pointed out that the earth’s magnetic field controls the M.U.F. in 
three different ways. It causes double refraction of the wave which would tend to 
increase the calculated M.U.F. When a magnetic field is present, a wave incident 
obliquely on the ionosphere requires a greater ionisation density in order to be 
reflected than when the field is absent. This causes an overestimation of the 
estimation of the M.U.F. at oblique incidence. A theory which included this 
effect of the field would thus reduce the M.U.F. Lastly, the presence of the 
magnetic field influences the magnitude of the group velocity of a wave at vertical 
incidence. This results in the no-field analysis values of the apparent minimum 
height and semi-thickness of the layer differing from their actual values. SHINN 
and WHALE (1952) have shown that the no-field calculation of the semi-thickness 
always yield values which are too large. The magnitude of this discrepancy 
increases with frequency up to the critical penetration frequency of the layer. 
It can also be shown that a no-field analysis always yields values of the apparent 
minimum height which are too small and that the magnitude of this discrepancy 
increases with frequency up to the critical penetration frequency. The sum of 
these two parameters is used to obtain the apparent height of the maximum of the 
layer. SHINN and WHALE have shown that the resultant error in the apparent 
height of maximum is slightly positive below a certain frequency, approximately 
0-96 of the critical penetration frequency, and negative above it. It is found 
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that, in practice, the resultant error would be negligible. This justifies the use 
of the approximate no-field analysis in ionospheric forecasting. 

Although the wave packet velocity depends on the collisional frequency in 
theory; nevertheless, in a wave which is so little absorbed that it is useful in 
practice, it is not likely that any differences will be significant. Even if they are 
significant, a correct result would still be given by AppLETON’s theory with 
HINe’s expression for the wave packet velocity. 
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Effets atmospheriques sur les gerbes d’Auger 


ALIcE DauDIN et JEAN DAUDIN 
Observatoire du Pic du Midi 
(Received 31 December 1952) 


ABSTRACT 


Extensive air showers have been investigated during the past two years at the Pic-du-Midi (altitude 
2860m). A total of 2-107 showers has been observed at a separation of 5 m and 3-10® at a separation of 
80m. After discussing the sources of experimental error the following conclusions have been drawn: 
(a) The barometer coefficients are —10-2 + 0-1% per em Hg for showers with 5 m separation and 
—10-4 + 0-2% for 80m separation. 
(b). The shower rate is dependent on the air density and this results in a local temperature effect of 
—0-11% per °C for showers with 5m separation. The positive temperature effect found for 80m showers 


is at least partly due to instrumental effects. 
After taking into account the local density effect the true absorption coefficient in air is found to be 


—10-7% per cm Hg for the 5m showers*. 

(c) A temperature effect of approximately 0-5% per °C is to be expected due to the effects of air density 
and which will be positive for the large showers and negative for large bursts in ionisation chambers of 
large surface area or at high pressure. 

(d) The absorption in air of air showers decreases between 3000m and sea level. 

(e) After all corrections have been made there remains a correlation of + 0-35 between the daily rates 
for the two independent recorders. An unknown variation of mean square amplitude ~0-7% per day 
could exist but an effect greater than 1% per day, that is to say 1/6 of the barometer effect, is unlikely. 


Les gerbes étendues de lair (gerbes d’AUGER) ont, a l’heure actuelle, l’énergie la 
plus élevée reconnue dans le rayonnement cosmique. Les phénoménes de grande 
énergie sont extrémement rares, les gerbes d’Auger ont l’avantage d’avoir une 
probabilité d’enregistrement trés élevée sur de grandes surfaces. On peut en 
compter un nombre élevé. 

Depuis 1948 (DaupIn et Daupin, 1949), nous avons entrepris de les observer 
en permanence au Pic du Midi (2860m) sur 5m et 80m, au moyen de bancs de 
compteurs dont les surfaces efficaces ont 2400cm? et 850cm?. Il y a deux bancs 
de 14 compteurs situés 4 4m, 74 l’un de l’autre dont les coincidences doubles 
D,, sont enregistrées; également 2 bancs de 5 compteurs 4 la méme distance 
(coincidences D;). Un banc situé a 80 métres entre en coincidences avec les deux 
premiers et permet d’observer des coincidences triples 7',, et aussi avec les deux 
derniers (coincidences 7',). Enfin on enregistre des coincidences fortuites entre 
les 2 bancs de 5 compteurs F';. Le tableau I donne les principaux renseignements 
utiles. 

Comme les moyennes subissent d’une série d’observations a l’autre, des fluctua- 
tions supérieures aux fluctuations statistiques, les erreurs sur les fréquences 
indiquées sont déduites de la cohérence interne des séries de mesures. Les temps 
morts des compteurs ou des circuits font que les fréquences indiquées entre 5 
compteurs doivent étre accrues de 2,8°% et de 0,5% entre 14 compteurs (D,,). 

Les techniques expérimentales ei les discussions expérimentales sont exposées 
en détail dans un article—au Journal de Physique et du Radium. Nous signalerons 
simplement ici les 2 points les plus importants: 


* See the Notre IN PROOF 
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Tableau 1 





Energie 
actuelle Fréquence Nombre 
probable Min-} Jours 

moyenne 


Nombre 
total de 
coincidences 


Densité 
Nom | Nature des coincidences | Distance | moyenne 
électrons 





Doubles entre 2‘banes 
de 14 compteurs 4,74m | 5,10Mev 











Triples entre 3 banes 
de 14 compteurs 80m _ | 5,10!ev 





| Doubles entre 2 bancs | 
de 5 compteurs | 4,74m /1,5.10Mev! 5,91 + 0,02 


| 
T 
| 


Triples entre 2 bancs | 
de 5et lbancde 14 | 80m 10!ey 1,08 + 0,01 











| 
} 

, ~ ° 
F; | Fortuites entre 2 
| banes de 5 


compteurs 0,2 a 0,5 

















(a) Le mouvement propre des compteurs est trés variable avec la radio- 
activité locale qui peut atteindre des valeurs élevées en hiver. Des précautions 
ont été prises pour réduire l’inertie des circuits et ne pas introduire de pertes dans 
les coincidences. Mais les coincidences doubles ne sont pas exemptes de coinci- 
dences fortuites atteignant 6 et 4% du total pour D,, et D,;. Puisque ces coinci- 
dences fortuites ne sont pas stables, il est necessaire de les déduire. 

(1) Doubles vraies = Doubles enregistrées — coincidences fortuites. 

Pour D, il suffit de soustraire les coincidences fortuites enregistrées entre les 
mémes bancs F;. Pour D,, une étude plus détaillée est nécessaire puisqu’on 
nenregistre pas en permanence les coincidences fortuites. On peut supposer 
d’abord que les coincidences fortuites F,, sont proportionnelles a F’; 

AF. =$¢ AF, 
On a trouvé que ¢’ = 3,5 

Mais le mouvement propre de tous les bancs ne varie pas de facgon rigoureuse- 
ment paralléle et pour certaines séries d’observations, nous avons préféré déduire 
les coincidences fortuites F,, du mouvement propre des bancs de 14 compteurs 
I et nous avons trouvé. 

AF,, =i. AI avec i = 0,022 F,, exprimé en coincidences min — 1 et I en 
impulsions seconde". 

Si d’autre part nous cherchons la corrélation effective des doubles avec les 
fortuites, nous pouvons déterminer les coefficients des équations de régression: 

(2) (H pression barométrique) AD, = «AH + ¢dAF;; AD,, = «AH + ¢’AF;; 
AD,, = «AH +i. Al sans rien supposer a priori sur les valeurs de ¢, ¢’ et 7. 

Sur 7 périodes ¢ a pour valeur moyenne 0,8 + 0,1 au lieu de 1 prévu 
Sur 8 périodes ¢’ a pour valeur moyenne 3,2 + 0,2 au lieu de 3,5 
Sur 4 périodes 7 a pour valeur moyenne 0,018 + 0,004 au lieu de 0,022 
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Ainsi les doubles observées varient en fonction de F, ou du mouvement propre 
I comme les coincidences fortuites. Les coincidences enregistrées sont donc bien 
la somme des coincidences de grande gerbe et des coincidences fortuites. Done 
pour avoir les doubles vraies D,, on retirera la valeur moyenne des fortuites F;, 
observées durant la période considérée augmentée de la fluctuation particuliére 
des fortuites pour la journée soit ¢’. AF, soit i. AJ. Une erreur de 20% sur le 
niveau des coincidences fortuites n’introduit qu’ une erreur maxima relative de 
1% sur l’effet barométrique en supposant que les coincidences fortuites ont un 
effet barométrique nul (effet probable —10% par cm hg). 

(b) Si les compteurs au méthylal ne présentent aucun effet de température 
jusqu’a—20°; la résistance interne du verre des compteurs a cathode externe 
(Maze, 1946) augmente beaucoup quand la température baisse; il s’ensuit que 
le potentiel de la couche interne du verre est variable et toujours supérieur a 
0. Nous avons étudié cet effet et constaté 4 100 v audessus du seuil qu’entre 10 
et 20° la variation du survoltage effectif est de 0,4 volts par degré; entre 0 et 10° 
de 1 v par degré; entre—5° et + 5°, de 1,2 v par degré, entre—15 et —5° de 2 
volts par degré. D’autre part, sur les coincidences doubles nous avons observé 
directement un accroissement de 0,7°%, par volt +-0,1 ce qui signifie que la surface 
d’un banc de compteur varie de 0,5%%, par volt. 

Les bancs de compteurs situés dans le laboratoire sont constamment au— 
dessus de 10° et généralement de 15°. Les effets de la température sont donc 
petits. En revanche le groupe situé a 80m n’était pas réchauffé avec une grande 
efficacité et sa température était souvent voisine de la température ambiante. 
I] résulte des chiffres précédents que son efficacité va varier avec la température. 
Comme la variation des coincidences triples 7, et 7’; est 0,7 fois la variation 
relative de la surface du groupe éloigné, il en résulte que l’on doit s’attendre a ce 
que les coincidences triples présentent un effet instrumental de température de 
+1 x 0,5%, x 0,7 = +0,4%,, par degré entre 0 et +10° (température extérieure); 
0,5°%, par ° entre —5 et +5° et 0,8°,, par ° entre —15° et —5°. Les chiffres peuvént 
étre un peu accrus parce que par beau temps (température élevée) la température 
du groupe s’ éleve au—dessus de la température ambiante. 


EFFET DE DENSITE SUR LES GERBES 


La figure géométrique formée par une gerbe se contracte et se dilate, restant 
semblable a elle-méme, proportionnellement a la densité du milieu. II en résulte 
un effet de densité prévu en général par EULER (1940). On sait que les coincidences 
varient avec la surface S des compteurs comme S’ et avec la distance d comme 
d-’. On,montre alors (DaupIN (1949) voir également Hopson (1951)) que les 
coincidences varient avec la densité p de l’air comme 


p2y —B—2 


DETERMINATION DES EXPOSANTS y ET 


Nous avons essayé de déterminer y et # séparément en faisant varier la surface et 
la distance des compteurs. Pour D,, nous avons déterminé y de 3 facons: 
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Effets atmospheriques sur les gerbes d’ Auger 


Lorsqu’il manque un compteur sur un banc la perte de coincidences est de 
—4,9% +0,3% ce qui donna y = 1,37 +0,09. En comparant D,, et D;, compte 


I 
tenu des corrections de temps mort, on trouve un rapport de = = 4,19 + 0,01 
5 


ce qui conduit & y = 1,39 + 0,005. Durant une période nous n’avons gardé que 
6 compteurs sur les bancs de 14 compteurs: By = 3,13 + 0,02 ce qui conduit 
6 

a y = 1,35 + 0,007. 

Enfin Coccont et Cocconr (1949), pour des surfaces de compteurs du méme 
ordre trouvent y ‘= 1,33. 

Nous nous arréterons a la valeur y = 1,35 que nous supposons exacte a 0.01 pres. 

Pour l’exposant # de distance nous avons remplacé les bancs de 14 compteurs 
par des bancs de 6 distants alternativement de 4m, 42 et 5m, 21. La variation 
en distance est de 16%. Ces groupes rapprochés donnent 7, 89 coincidences 
vraies min~!. Plus éloignés, ils donnent 7,67 min~, d’ou une variation de 2,8 + 1% et 

6 = 0,17 + 0,06. 

D’aprés les mesures d’ AUGER, Maze et RoBLEy (1939) et de Freon et DaupDin 
(1942) (avec des bancs de surface plus petites) on aurait 6 = 0, 4 entre 4 et 20 
métres. 

WILLIAMS (1948) trouve une baisse de 20% entre 1 et 3 métres et entre 7 et 
20m, d’ou 6 = 0,25 + 0,15 

Enfin Coccont et Coccon1 (1949) trouvent entre 4m et 8m une baisse de 
ordre de 10%, ce qui correspondrait 4 un f = 0.13 (erreur inconnue). 

Nous pensons que la valeur la plus correcte de # aux environs de 5m est de: 


B =0,3+0,1 
Donec le nombre de coincidences doit varier avec la densité de l’air comme 
grr tOe-Osee—s awe (p +4. 0.4 + 0,12) p* 0,440,12 (4) 
Ce qui correspondrait 4 un effet de température de —1,5%, par degré +0,4%). 
Mais il n’est pas certain qu’il soit équivalent de faire varier le nombre des compteurs 
ou leur volume et que le y trouvé par le premier procédé soit exactement valable 
dans notre cas. 


Pour les coincidences triples (80 metres) 
La suppression d’un compteur sur l’un des 2 groupes proches de 14 provoque une 


\ 


baisse des coincidences de 3°%, ce qui est confirmé par le rapport (5) lorsque 
les 2 groupes de 14 sont remplacés par les 2 groupes de 5. L’élimination d’un 
compteur sur le groupe éloigné provoque une baisse de 7',, de 5 + 0,2%. Au total 
en utilisant 13 compteurs partout au lieu de 14 on enregistrerait une baisse de 
10,6% d’ou un y de 1,55 + 0,03, plus élevé que sur base de 5 métres comme 
ont montré LoverpDo et DAUDIN entre autres (1948). 

En rapprochant le groupe éloigné de 2m, 94 on observe un accroissement de 
3,75 + 0,5°%, ce qui donne 

P som aay 1,0 = 0,14 
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Au total la variation des coincidences avec la densité serait: 


3,1+0,06 -—2—1+0,14 __ ,0,1+0,17 <4 
p aa (5) 


La courbe publié par AuGER, Maze et Rosey (1939) avec des surfaces de 
200 cm? donne: 


B som = 1,1 


L’exposant # est sans doute sous estimé parce qu’on n’a pas tenu compte de la 
variation de la distance entre les 2 groupes de 14 proches. L’expérience de 
SKOBELTZYN montre que la décohérence augmente lorsque on utilise un plus grand 
nombre de banes de compteurs. I] est donc impossible de prévoir le sens de l’effet 
de température, qui est surement petit. 


Effets Barométriques et de température 


Les observations ont été groupées en prenant la journée comme unité. Les 
journées ont été groupées en périodes allant de 20 a 50 jours, durant lesquelles les 
appareils ont marché sans incident ni modification. Pour les coincidences doubles 
(5m), en été nous n’avons pas soustrait les coincidences fortuites; en hiver nous 
les avons soustraites comme indiqué au paragraphe Ia. Les plus longues périodes 
éliminées depuis été 1950 sont: l’été 1950 pour D,, (compteurs trop vieux); 
Décembre 1950 et janvier 1951 pour D,, et D,; (faute de surveillance, appareils 
avariés par la tempéte). Février et mars 1951 pour D, (compteurs neufs 
défectueux). Ces éliminations ont été faites a priori pour des raisons objectives. 
Toutes les autres périodes ont été calculées et sont comprises dans le tableau 2. 
Le coefficient barométrique de chaque série est affecté d’une erreur qui est 
l’erreur médiane calculée d’aprés la formule (WORTHING et GEFFNER, 1943). 


saa | fav. 
pa = 0.075,/ “a ee ind 2 (6) 


N = nombre de jours. 
4D if <p 
AH =H—H 


«% = coefficient barométrique. 


Cette erreur est grossiérement égale a l’erreur statistique multipliée par la 
dispersion des résultats (aprés correction barométrique). 

On voit que les dispersions résiduelles sont faibles ~ 2,1 pour D,, et ~ 1,2 pour 
D,;. L’ensemble donne pour l’effet barométrique brut en hiver 


pin = —10,6% + 0,08 par cm de mercure 


; -e peer i 
Le poids attribué a chaque mesure est (_) . L’erreur indiquée est tirée de la 
pa 
cohérence interne des 17 résultats, elle est seulement supérieure de 20% a l’erreur 
calculée a partir des pa individuelles. La cohérence interne des résultats est donc 


bonne. 
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ALICE DAUDIN et JEAN DaAvUDIN 


En été. fortuites non déduites, on trouve: 


5m . ( 0 J ») ar > a > 
apm, = —9,9% + 0,2 par em de mercure. 


La cohérence interne est encore meilleure. 


Une évaluation grossiére sur 5 périodes de l’effet barométrique brut des coinci- 
dences fortuites en été donne un «~ — 4° par cm hg. La correction die aux 
fortuites est donc faible 


om _ 20 )90 are > 4st 
apt = 10.2% +0,2% par cm mercure en ete. 


(6) En utilisant les valeurs de la température locale dans |’équation de regression 
AD = «aAH + 6AT (7) 


on trouve de nouvelles valeurs de l’effet barométrique et de l’effet de température. 

En hiver « = —10,21 + 0,1 par cm de mercure, et 6 = —0,74 +0,12%,. En 
été « = —8,95% + 0,25et 6 = —2,1 + 0,22%, par degré et en te nant compte 
des fortuites « = —9% et 6 = —2,5°%, par degré. 


Note.—Pour le calcul de la valeur moyenne de « et @ par l’équation 7, il a été attribué & chaque couple 


isles : i ae : ; eer . : 
de valeurs un poids égal a celui du « brut: (-.) [équation 6], multiplié par 1-Cy 7, Cy 7 étant la cor- 
- pa 


\ 


rélation entre la pression et la température pour chaque période. Cette corrélation (H, T) diminue en 
effet la précision des résultats fournis. 

Pour les coincidences triples (80m) le tableau 3 donne les résultats: effet 
barométrique brut = —9,6°% + 0,16 (erreur médiane). L’effet de température 
varie avec la saison. L’effet barométrique corrigé de l’effet de température a pour 
valeur moyenne 


Asom = —10,4 + 0,2%, par cm de mercure. 


Les méthodes de calcul sont les mémes que pour les doubles; la cohérence 
interne des séries d’observations est plutot meilleure que ne le laisseraient prévoir 
les erreurs individuelles de chaque série. Les dispersions résiduelles sont faibles 
de l’ordre de 1,5 pour 7, et 1,1 pour 7’. 


DISCUSSION 


(a) Pour les coincidences doubles (5m) frappante est la différence entre les valeurs 
de l’effet de température ]’été et lhiver et, ce qui est plus significatif, la méme 
différence se retrouve pour les effets barométriques, assez largement en dehors 
des erreurs statistiques. Peut on attribuer la différence des effets de température 
aux variations de la température du laboratoire? Dans la période du 23 Oct. au 
1 Dec. 1951 la variation de la température du laboratoire a été maxima (+7° a 
23°) a cause de grandes tempétes de vent, mais la corrélation avec la température 
extérieure est faible: 0,17. Aussi, en introduisant la température du laboratoire 
dans les équations de régression, on ne modifie pratiquement pas l’effet de tempéra- 
ture extérieure (modification de 0,1°%,) Le tableau 4 donne la variation des tempéra- 
tures du laboratoire pour quelques périodes. 

La différence de température du laboratoire entre l’été et lhiver peut difficile- 
ment expliquer la différence dans les résultats, méme pour l’effet de température. 
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Tableau 4 





Saison Période Température du laboratoire | Effet de température ext. 





minima maxima 
Eté 26/6 au 18/8/51 D; 14° 24° —3%o 

11/7 au 10/8/51 D,, 14° 24° —0,2% 
13/8 au 16/9/51 Dy, 14°,5 23° —1,5% 
18/8 au 16/9/51 D,; 14°,5 23° —2,1% 
Hiver | 17/9 au 21/10/51 Dy, 13° 19° —0,9%o 
23/10au 1/12/51 Dy, ia 23° —0,1% 
23/10 au 1/12/51 D; i ys Ne 0,0%o 
2/12 au 29/12/51 D,, 7 19° —3,5%o 
2/12 au 29/12/51 D; i i 19° —0,7%o 
30/12 au 20/2/52 Dy, 12°,5 20° —1,2% 
30/12 au 20/2/52 Dy, 12°,5 20° —1,0% 














L’influence des coincidences fortuites sur les résultats d’été est un peu incertaine. 
Elles paraissent présenter un effet barométrique voisin de celui des grandes gerbes 
(~ — 10%) et un effet de température positif assez notable (~ + 7%,) qui ne peut 
guére altérer notablement les résultats et agit d’ailleurs dans le sens d’un accroisse- 
ment du 6 des grandes gerbes. 

Dans ce domaine il faut également signaler ‘la différence entre les effets 
barométriques des hivers 1950-51, 1951-52. Le 1% hiver donne « brut = —11% + 
0,1 en 5 séries trés bien groupées. Le 2eme, —10,4% + 0,1 les v4leurs étant 
également bien groupées. Les corrélations (pression, température extérieure) 
étaient plus fortes durant le ler hiver (0,75 contre 0,57 en 1951-1952) et les situa- 
tions météorologiques générales trés différentes surtout en automne et au printemps. 
Tout ceci suggére que l’effet barométrique des grandes gerbes est lui-méme com- 
plexe comme |’effet barométrique de la composante dure. 

Donec sur 5 métres il existe un effet barométrique vrai de —10,2% + 0,1 par 
em de mercure et un effet moyen de température dé a la densité de l’air de l’ordre 
de 0~ — 1,2%, par degré correspondant 4 un exposant de densité (2 — 6 — 2)~ 
+ 0,3 compatible avec le calcul du paragraphe 3 (compte tenu d’une légére 
influence de la température du laboratoire qui tend a diminuer 6 en hiver d’environ 
0,1). Cet effet est plus petit que celui trouvé par Honson (1951) (—0,38 + 0,11%) 
d’avril 1950 & janvier 1951. La différence qui n’est pas incompatible avec les 
erreurs peut avoir été accrue parce que Hopson a plus de mois d’été que de mois 
d’hiver*. 

(b) Coincidences triples sur 80 métres. L’effet de température est ici trés variable 
et décroit systématiquement avec la température extérieure. L’effet instrumental 
prévuen IT varie lui aussi avec la saison et passe de 0,4%, a 0,5%, et 4 0,8%, par degré 
pour les 3 types de périodes. L’effet observé est bien en partie instrumental puisqu’il 
est tombé de 3,1%,, a 1,9%, lorsque le groupe de compteurs situé 4 80m a été 
chauffé (t > —5°). L’effet instrumental prévu est la moitié de l’effet observé: 
on ne peut tirer aucune conclusion ferme. I] existe seulement une indication ium 


effet physique. 
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§~ + 0,5%, par degré correspondant a un exposant (2y — p — 2)~ — 0,13 
compatible avec les indications du paragraphe 3. 
L’effet barométrique vrai passe a 
«80m = —10,4 + 0,16% par em Hg 


[1 n’y a done pas de différence (aux erreurs prés) entre les effets barométriques 
des gerbes de l’air sur une grande et une petite base (en accord avec nos résultats 
antérieurs). En général, ce travail précise en les confirmant les données antérieures 
de DavuDIN (1949) et MILLarR (1951). 


CONSEQUENCES DE L’EFFET DE DENSITE DE L’AIR 


(a) Sur leffet barométrique 
La pression fait varier aussi la densité de l’air & raison de 1,85°% par cm de mercure. 
Il en résulte que le coefficient barométrique trouvé est la somme d’un effet 
barométrique vrai et d’un effet de densité 

Sapparent: AH = 0,3 x 0,0185. AH + a4, . AH 

dot oh; = —10,2 — 0,55 = —10,7% par cm de mercure. 


Cette valeur —10,7%* représente en principe l’effet d’absorption massique 
qui correspond a un parcours de 126 g/em®. Compte tenu de cet effet de densité, 
d’aprés les observations de Coccont (1949) et les nétres l’absorption dans |’atmos- 
phére entre 700 g/cm? et 1030 g/cm? parait un peu plus faible et correspond a 


un parcours de 133 g/cm*. L’effet barométrique parait étre également plus faible 
au niveau de la mer (~ — 9%). Les gerbes d’ AUGER paraissent se durcir en par- 
courant l’atmosphére: probablement les mésons yw de grande énergie jouent-ils 
un réle croissant au détriment des z et des nucléons. 

Le parcours dans |’air serait de l’ordre de 155 g/cm? pour les grandes gerbes 


verticales 


(b) Sur les grandes distances 

L’effet de densité est gouverné par l’exposant 2y — 6 — 2. Aux trés grandes 
distances il est peu probable que y dépasse la valeur qu’il atteint pour les condensa- 
tions trés denses (cores) et qui est 1,7. Quant a f il dépend du dispositif de comp- 
teurs adopté. En coincidences quadruples SKOBELTzYN, ZATZEPIN et MILLER 
(1947) ont trouvé entre 100 et 600m une variation d’un facteur 100 correspondant 
& B~2,6. L’exposant de densité serait pour une telle expérience 


~ — 1,2 d’ou un effet de température 0~ + 4,5%,, 


La variation diurne pourrait étre inversée et donner une onde en phase avec 
la température qui au niveau de la mer pourrait atteindre une amplitude ~ i 


* Note:—Une autre différence provient de la valeur de y qui vaut 1,44 (contre 1,35) dans le domaine 
des densités fortes observées par Hodson (~ 30 particules m~*) au niveau de la mer. Alors que B, exposant 
de décohérence ne semble pas sensiblement différent, d’aprés DAUDIN et FREON (1942). 


See NoTE IN PROOF. 
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(c) Sur les bursts a la chambre d’ ionisation 


D’aprés les résultats de Lapp (1946), CARMICHAEL (1948) et Rossr (1948), les 
grosses bursts de plus de 3 10® paires d’ions (>100 Mev) observées dans les 
chambres 4 haute pression ou de grande surface sans-écran ou avec des écrans de 
quelques cm de plomb sont dues a des condensations (cores) de grandes gerbes 
de lair. Les travaux de Daupin (AUGER et Dauptn, 1945), Rossr (1948) et 
WILLIAMS (1948) ont conduit a des exposants de densité voisins de y = 1,7 pour 
ces condensations. D’autre part la chambre de Witson (AuGER et Daupin, 
1945; Hazen, 1952) ou les chambres d’ionisation ont montré que la décohérence 
est faible et la densité peu variable sur quelques métres, & plus forte raison sur la 
surface d’une chambre d’jionisation; |’exposant de décohérence f doit étre voisin 
de zéro. 
Dans ces conditions l’exposant de densité de l’air 


(39 — 2 — 414 

Il en résulte un tres fort effet positif de densité et un effet négatif de température 
de —5%,,, qui est purement géométrique et n’a rien @ voir avec des primaires 
instables. Les expériences de Carmichael prouvent que les gerbes de l’air con- 
stituent les grosses bursts au moins jusqu’a 4cm de plomb. Méme sous 12 cm 
de plomb les grosses bursts (>10°® paires d’ions) sont largement associées aux 
gerbes de l’air (30%) d’aprés MONTGOMERY (1949), et pour des bursts plus grosses 
la proportion s’éléve encore!’. Or les primaires de ces bursts associées aux gerbes 
de l’air peuvent étre multiples comme l’ont montré Tsa1-Cuu et Dauprn (1952) 
et un effet géométrique de densité peut également intervenir. Des resultats 
comme ceux de KAMEDA et WaDA (1952) doivent donc étre discutés plus a fond. 
Remarquons que ces effets de densité perturbent notablemment les effets 
barométriques. 


CORRELATION RESIDUELLE 


Lorsqu’on compare les enregistrements tout 4 fait indépendants D; et D,, 
une fois les fortuites soustraites il existe une corrélation considérable entre les 
valeurs journaliéres de ces 2 grandeurs, comme conséquence de I’effet barométrique, 


Tableau 5. Corrélation entre D; et Dy, 





Corrélation entre les|\Corrélation entre les| Corrélation aprés 
logarithmes (correc-\logarithmes (correc-| correction baro- 
tion pression) tion temp.) métrique 


Corrélation 


Pee 
See 
Périodes leven 





au 3/12/50 + 0,49 
au 10/5/51 +-0,24 
au 21/10/51 +0,92 10.52 
au 1/12/51 L 0,98 0,52 +0,61 
au 29/2/51 +0,95 10,61 
2 au +0,98 0,60 + 0,62 
L 0,90 0,30 
0,97 +-0,46 
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Une fois corrigé l’effet barométrique, il subsiste une corrélation de 0,5 en 
moyenne. Elle est trop forte pour provenir de la soustraction des coincidences 
fortuites. Elle est d’ailleurs particuliérement forte du 23 Oct. 1951 au 20 Mars. 1952, 
périodes ou les fortuites F,, ont été déduites tout 4 fait indépendamment de fF’; au 
moyen du mouvement propre I. Nous avons cherché a éliminer cette correlation 


résiduelle: 
(a) En remplacant la loi de régression linéaire par une équation logarithmique 
AL, D = «AH 


plus exacte que la loi linéaire lorsque les variations de pression sont de l’ordre de 
2cm de mercure. La valeur de « n’est pratiquement pas altérée (0,1° au maxi- 
mum lorsque la répartition des pressions est trés dissymétrique); les corrélations 
tombent notablement mais restent significatives (~ 0,45). 

(6) En faisant intervenir l’effet de température: on voit sur le tableau 5 que 
l’effet de température a une trés faible influence sur le coefficient de corrélation 
qui reste de l’ordre de 0,42. 

(c) En tenant compte de la partie commune aux coincidences D; et D,, c'est 
a dire des gerbes qui touchent les 4 bancs de compteurs 4 la fois et qui repré- 
sentent 40% de D,; (2,5 min). Si la fluctuation statistique existait seule (dis- 
persion égale 4 1), la corrélation introduite par ces coincidences communes serait 


ee 

V 6.25 

En réalité les fluctuations statistiques ninterviennent pas seules, les dispersions 
résiduelles sont supérieures & 1. On doit faire un calcul pour comparer les cor- 
relations observées (y compris les coincidences communes), a la corrélation physique- 
ment significative par exemple entre D; et D,, — C (C étant la partie commune); 
D,; et D,, — C n’ayant pas de partie commune. 

On trouve qu’un effet physique d’amplitude quadratique moyenne 0,7% par 
jour agissant sur les 2 enregistrements donnerait une dispersion de 1,7 pour D,, 
(contre 2,1 en moyenne), de 1,2 pour D, (contre 1,2 en moyenne observée), une 
corrélation apparente de 0,5 entre D; et D,, qui tomberait a 0,35 lorsqu’on 
éliminerait la partie commune C. Cette valeur mesurerait la corrélation physique 
réelle. 

L’origine de cette corrélation physique importante n’est pas encore connue 
mais les premieres recherches montrent que les variations systématiques qui en 
sont responsables s’étendent sur un nombre notable de jours consécutifs (~ 3). 

Cette corrélation prouve que |l’étude des variations des gerbes d’ AUGER n’est 
pas épuisée par les effets de pression et de température. Inversement une fluctua- 
tion physique journaliére supérieure a 1° parait exclue. Il est improbable 
qu’aucun effet physique sur les gerbes d’AuGER dépasse le 1/6 de Il effet 
barométrique. 
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Note 1n PrRoor 


After submitting this paper, we have studied the correlations with radiosondages in 
Bordeaux (Daupin, Dauptn, C.R. Acad. Sc., 1953, 236, 1352). The foregoing conclusions 
must be modified: 

(1°) The temperature (density) effect is probably not a local effect but an effect of the 
high atmospheric layers (300 millibars), higher than expected. This effect amounts 
—1,8% per degree. Following MEsse. the surface extension of showers is governed by 
the angular scattering in surrounding layers of small air density. 

(2°) Otherwise saying, the altitude effect of the isobaric layer 200 millibars is adding 
up the temperature density effect and the pressure density effect. Introducing this altitude 
in the regression equations one finds —5,5°,, per km and the absorption barometer effect 
become only —8,9°% per em Hg unlike the present paper which considers the density effect 


as a local effect. 
(3°) After correcting for this high layers density effect, we found that the irregular 


residual variations were not essentially eliminated. 


AUGER, MAZE et 

ROBLEY 1939 C. R. Acad. Sci. 208, 1941 
AUGER et DAUDIN 1945 J. Phys. Rad. 6, 841 
BRIDGE, HazEn, Rosst 

et WILLIAMS 1948 Phys. Rev. 74, 1083 
CARMICHAEL 1948 Phys. Rev. 74, 1667 
Cocconi et CocconI 

TONGIORGI 1949 Phys. Rev. 76, 1058 
DavDIn et DAUDIN 1953 J. Phys. Rad. 14,169 
DavupDIn et FREON 1942 C. R. Acad. Sci. 214, 662 
DaAuDIN 1944 C. R. Acad. Sci. 218, 882 
Daupiy, A. et 

Davupin, J. 1949 J. Phys. Rad. 10, 394 
FaHy 1951 Phys. Rev. 88, 413 
HaAzEN 1952 Phys. Rev. 85, 455 
Hopson 1951 Proc. Phys. Soc. London 64, 1061 
KAMEDA et WaDA 1952 Prog. Theor. Phys. Japan-7, 586 
Lapp 1946 Phys. Rev. 69, 321 
LOvERDO et DavuDIN 1948 J. Phys. Rad. 9, 134 
MAzE 1946 J. Phys. Rad. 7, 164 
MILxar, D. 1951 Proc. Irish Roy. Acad. 54, 115 
MONTGOMERY et 

MONTGOMERY 1949 Phys. Rev. 76, 1482 
SKOBELTZYN, SATZEPIN 

et MILLER 1947 Phys. Rev. 71, 315 
Tsai-Cuu et DAUDIN 1952 C. R. Acad. Sci. 284, 1277 
WoRrTHING and GEFFNER 1943 Treatment of experimental data: New York 





Journal of Atmospheric and Terrestrial Physics, 1953, Vol. 3, pp. 258 to 262. Pergamon Press Ltd., London 
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ABSTRACT 


Radar echoes believed to originate from lightning discharges have been observed both when the radar 
beam is directed into a thunderstorm overhead, and when the beam is set on to a distant storm. In the 
case of a thunderstorm overhead the echoes have been photographed and are analysed in terms of the 
individual strokes comprising a lightning discharge, with special reference to the junction—streamer 
process. It is suggested that the echoes have their origin in ionised portions of the electric charge in the 
cloud. In the case of distant storms the echoes are described from visual observation. 


1. INTRODUCTION 


Radar echoes associated with lightning discharges have been described by BROWNE 
(1) and Liepa (2); the latter has also photographed these echoes. In the present 
paper observations are described of brief but intense echoes which appeared during 
the period when a thunderstorm passed over the radar site and the radar beam was 
directed vertically upwards into the storm. These echoes occurred simultaneously 
with very close flashes of lightning and for this reason are termed “lightning 
echoes.”’ Visual observations have also been made on various occasions of fleeting 
echoes obtained from distant storms and apparently very similar to those described 


by Liapa, which are believed to have their origin in lightning discharges. 


2. METHOD OF OBSERVATION 


The radar operates on a wavelength of 10 cm and radiates 500 pulses per second; 
each pulse has a duration of 1-9 microseconds and a power of 500 kilowatts. 
The radiated beam is 3 degrees wide to half-power in both the horizontal 
and vertical planes. Echoes are displayed simultaneously on an A-scope which 
shows signal deflections against a scale of range, and on a normal P.P.I. screen. 

During the period when lightning echoes were obtained from a thunderstorm 
overhead, the radar beam was adjusted to an elevation of 90 degrees and the aerial 
rotated continuously. In this case the beam is rotated about its own axis and the 
azimuth scale of the P.P.I. does not have its usual significance: instead it becomes 
a form of time scale. In the present series of observations the time of one complete 
rotation, 360 degrees, was 6 seconds and therefore 1 degree of the azimuth scale 
represented a time interval of 1/60 second. The radial distance of an echo from 
the centre of the P.P.I. screen is a measure of the height above ground of the object 
producing that echo. 

Photographs of the P.P.I. screen were taken by means of a time-lapse camera. 
This is a motion picture camera modified in such a way that one picture is taken of 
each complete rotation of the P.P.I. scanning line. Since the camera is not syn- 
chronised with the P.P.I. rotation a small amount of overlap is allowed on each 
picture and this results in a narrow sector of double exposure: this sector of 
brighter image is clearly seen in the photographs. 
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Fig. 1. Single lightning echo 


Pair of lightning echoes 








Radar echoes associated with lightning 


The method of observing lightning echoes in distant storms has been described 
by Liapa. Briefly the procedure is to adjust the radar beam in azimuth until 
maximum precipitation echo is obtained. The beam is then elevated until the 
intensity of precipitation echo is well below saturation level. This type of observa- 
tion is best made on the A-scope. 


3. LigHtninac ECHOES FROM A THUNDERSTORM OVERHEAD 


1. The Form of the Echoes 


The echoes were observed as large deflections on the A-scope, the amplitude being 
appreciably greater than that of precipitation echo. The intensity of the lightning 
echoes has been roughly estimated at 10-’ watt. The sides of the echoes were very 
sharp. It was noted that they appeared in a characteristic form on the P.P.I. 
screen and five photographs of the echoes were obtained. Examples are reproduced 
in Figs. 1 and 2. The photographs show a circularly symmetrical echo due to 
precipitation and the lightning echoes appear as bright portions of an annulus 
(indicated by arrows in the Figures). The angle subtended at the centre of the 
picture by a lightning echo is a measure of its time duration. The sense of rotation 
was clockwise. 


Table 1 





- , | Base height Echo Echo 
— — Me | Dims of Echo Thickness | Duration 
Kilometres | Kilometres| Seconds 


Temperature 
PY Remarks 


Cc 





8-11 0-58 0-39 


(a) 7-44 0:46 0-31 (b) Occurs 0-02 sec before (a) 
(b) 5-30 0-34 0-33 9 


(a) 8-23 0-28 (b) Occurs 0-07 sec before (a) 
(b) 4-82 ; 0-47 


(a) 8-69 0-16 (a) Occurs 0-01 sec before (b) 
(b) 8-11 0-14 


4-36 52 0-35 























The details of the echoes are given in Table 1. Temperatures at the appropriate 
levels have been taken from a radio sounding commenced at 0530 G.M.T. on the 
same day. 

As will be seen from the Table, in three cases two lightning echoes were recorded 
simultaneously. (See Fig. 2 for example.) In one of these three the two echoes 
appeared in the sector of photographic overlap and it is therefore possible that 
they were separated in time by 6 seconds. In the other two cases of a pair of echoes 
these were outside the overlap and hence were simultaneous. For the analysis 
which follows it has been assumed that in all three cases the members of a pair 
were simultaneously recorded. 
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2. Interpretation of the Echoes 


In a recent paper MALAN and SCHONLAND (3) have set out their conclusions as to 
the mechanism of lightning discharges to ground. These conclusions may be 
summarised as follows:—The component strokes of a discharge originate from 
portions of a concentration of electric charge in the cloud; successive strokes 
involve progressively higher portions of the charge and the portions are “‘approxi- 
mately vertically above one another.’’ During the interval between two strokes 
a positive junction—streamer travels upward from the top of the existing discharge 
channel to connect a more elevated portion of the cloud charge for the following 
stroke. It appears that the streamer occasionally connects a region of charge which 
is lower than the preceding one, and the possibility of negative junction—streamers 
is not excluded. 

Maan and ScHONLAND remark that the top of the discharge “channel must 
be in a highly ionised and extensively branched state.”” This would represent a 
volume of cloud having rather high electrical conduttivity and therefore potentially 
capable of returning a radar echo. 

It is suggested that this ionised portion of the electric charge in the cloud is 
responsible for the lightning echoes described here. On this basis the echoes are 
analysed in the following way: 

(a) The duration of the lightning echoes varied between about 0-15 and 0-5 
second; photographic investigations have shown that the duration of a complete 
lizhtning flash may have any value up to 0-5 second or more. 

(6) The height above ground of the echoes lay between about 4 and 9 km; 
according to measurements by MaLan and SCHONLAND the height of the portion 
of cloud charge originating a lightning stroke rises from about 3 to 9 km. 

(c) The members of a pair of echoes can be attributed to the portions of cloud 
charge involved in individual strokes. The time intervals between the first 
appearances of the members of a pair were 0-02, 0-07 and 0-01 second respectively; 
these figures compare with the average value of 0-03 second for the time interval 
between successive strokes. 

(d) The intervals of height between the members of a pair, as measured between 
the mean heights of the echoes, were respectively 2-20, 3-30 and 0-47 km; MALan 
and SCHONLAND found values between 1-0 and 0-3 km for the interval of height 
between the regions of electric charge associated with successive lightning strokes. 

(e) From the intervals of time given in (c) and the intervals of height given in 
(d) between the members of a pair of echoes, the following values respectively are 
obtained for the speed of travel of a vertically moving junction—streamer: 
11-0 x 108, 4-7 x 10®and 4:7 x 108 cm per sec. MALAN and ScHONLAND obtained 
an average speed of 3 x 10° cm per see. 

(f) In two of the photographs showing pairs of echoes the lower echo appeared 
first and this observation accords with the suggestion that succeeding lightning 
strokes take place from progressively higher portions of the cloud charge. 

In the third photograph of a pair the upper one appeared first. Under special 
circumstances it is possible for the radar pulse method to reverse the apparent 
sequence of two echoes occurring at different ranges; however, in this case the 
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time interval between the commencements of the two echoes was 0-01 sec. During 
this interval four or five pulses would have been radiated, since the pulse repetition 
rate is 500 per sec, giving the same number of echo pulses from the upper level 
before any reflected pulse would have been received from the lower level. Thus it 
appears that the more elevated echo did in fact commence first. MALAN and 
SCHONLAND have noted the possibility of a junction—streamer connecting a higher 
portion of the cloud charge to « lower portion. 

The last mentioned photograph also showed a branch of echo running upward 
from the start of the lower echo and almost reaching the upper one. The duration 
of the branch was about 0-04 sec and the corresponding speed of vertical travel 
1-2 x 10®cm per sec. The explanation of this branch is not clear at present. 
If it represented a junction—streamer of the type described by Matan and 
SCHONLAND one would expect it to occur in the interval between the first 
appearances of the two main echoes, whereas the branch was recorded concurrently 
with the later echo. 


4. LiGHTNinc EcHors FROM DISTANT STORMS 


1. The Form of the Echoes 


On a number of occasions when the radar beam has been set at low elevation on 
to a distant storm, very brief echoes have been observed which appear to be similar 
to those described and photographed by Liepa, who quotes observations verifying 
their association with lightning discharges. The duration of these echoes is very 
small, of the order of 1/50 sec, and detailed visual observation is not possible. 


However, they appear to be roughly rectangular in outline, with steep sides and 
to extend over an interval of range of the order of 5 km. 


2. Interpretation of the Echoes 


There is no evidence as yet that the lightning echoes obtained from a storm 
overhead and those from distant storms have the same origin, but for the present 
this is a reasonable assumption. 

It may be noted that when a pair of lightning echoes occurs simultaneously 
at different heights, the members will be resolved by the radar only if the storm is 
sufficiently close to the radar site. The reason for this is that when the radar beam 
is vertical the resolution in height depends on the pulse length and is independent 
of range; for the present equipment the limit of resolution is about 0-3 km. When 
the beam is set to a low elevation the resolution in height depends on the beam- 
width and decreases with increasing range; for the present radar the limit of 
resolution at 40 km range is of the order of 2km. Thus a pair of echoes, such as 
those described in Section 3, would appear as a single echo deflection on the 
screen of a radar situated at a large distance from the storm. 

The steep sides to the echoes as observed on the A-scope both when the storm 
is overhead and when it is very distant, indicate that the boundaries of the ionised 
volumes are clearly defined in the horizontal and vertical planes. The intervals 
of range occupied by the echoes in the two cases show that the ionised volumes have 
a horizontal extent which is much greater than the vertical depth. 
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The large difference between the duration of the lightning echoes from a storm 
overhead and that of the echoes from a distant storm, may be due to a relatively — 
slow decay of ionisation. In general the echo intensity can be expected to increase 
with density of ionisation and at any given range there is a minimum density of 
ionisation required to produce a detectable radar echo. This minimum detectable 
density of ionisation increases with range owing to the spreading out of the trans- 
mitted and reflected radiation. The rate of rise of ionisation density, depending 
on the strength of the ionising source, is likely to be much greater than the rate of 
fall of ionisation which results from the recombination ,of the ions; thus the 
density of ionisation rises very rapidly, reaches a maximum and then falls more 
slowly. The duration of a lightning echo at any range is that interval of time 
during which the density of ionisation exceeds the minimum detectable value for 
that range. At larger range, if the decay of ionisation is sufficiently slow, the echo 
duration is reduced as the minimum detectable ionisation increases. This possible 
explanation of the difference in duration between near and far lightning echoes 
appears to be supported by the photographs described in Section 3: they all 
show a perceptible narrowing of the echo over about one-quarter of its total 
duration. Fig. 1 is a particularly good example of this. 


5. CONCLUSION 


Radar echoes associated with lightning discharges have been photographed in 
the case of a thunderstorm overhead and have been visually observed on several 
occasions in a distant storm. 

The echoes from a storm overhead frequently occur in pairs, the members of a 
pair appearing simultaneously and at different heights in the cloud. Analysis of 
the echoes lends support to the suggestion that each echo is due to reflection by that 
ionised portion of the electric charge in the cloud which exists at the upper end of 
the discharge channel of a lightning stroke. 

Comparison of the form of near and distant echoes indicates that the ionised 
volumes are sharply defined in space and that their horizontal extent greatly 
exceeds their vertical thickness. 

The echoes from a storm overhead have a duration many times that of the 
echoes from distant storms, and this difference may be a result of a fairly slow 
decay of the density of ionisation. 
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ABSTRACT 

Measurements of the direction of arrival of Z echoes have been made at Hobart, Tasmania. The results 
indicate that F-region triple splitting is caused by back scattering from a rough layer. The directions 
observed are consistent with the assumption that reflection at the Z level occurs when the angle of 
— is such that the wave normal becomes parallel to the geomagnetic field at the ordinary level 
of reflection. 


INTRODUCTION 


It is now well known that the Z component is polarized in the ordinary sense 
(Hogarth, 1951; Landmark, 1952). However, there is no general agreement on 
the mechanism responsible for F region triple splitting. EckERSLEY (1950) and 
RyYDBECK (1950) have suggested that coupling between the O and Z waves at the 
ordinary level of reflection may be sufficient at vertical incidence to produce 
observable Z echoes. While there is some evidence that coupling in the H region 
may occur, this explanation requires a collision frequency at least ten times 
greater than the 104 per second usually accepted as probable in the lower F, region. 

Scott (1950) has advanced an alternative hypothesis that triple splitting may 
be due to longitudinal propagation of part of the incident wave which is reflected 
by a rough layer from an area centered on the magnetic zenith of the observer. In 
this case it would be expected that in the latitude of Hobart, Tasmania (geomagnetic 
latitude 51°S. Dip. 72°), Z echoes would be returned to the transmitter at an angle 
of at least 15° North of the vertical. 

Measurements of the direction of arrival of Z echoes have been made recently 


at Hobart. 
EXPERIMENTAL 


The teehnique used was the well known one of observing the phase difference 
between the signals induced in two spaced loop aerials by a selected downcoming 
echo (Ross et al., 1951). A twin channel cathode ray direction-finding receiver was 


used to amplify the signals. The loop spacing was 120 feet. 
It is considered that the combined site and lining-up zero error of the receiver 
did not exceed 3° for angles of arrival near vertical incidence. The error involved in 


measuring differences of angle did not exceed 0-2°. 


RESULTS 


Measurements of the direction of arrival of F region Z echoes were made during 
July, September and October, 1952. The results obtained are summarised in 


Table 1. 
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The mean direction of arrival lay in the plane of the Geomagnetic field. In all 
cases the observations were made between 1500 and 1800 hours L.M.T. on a 
frequency slightly less than f,F,. It was found that these times gave the greatest 
probability of observing strong Z echoes with a minimum of interference. 


Table 1. Directions of arrival of Z echoes 





Mean angle | Number of Standard 


Frequenc) * i zeae 
q J of arrival | Observations deviation 


Le -+- eae 
| 


Degrees North | iin 
of Vertical ee 





8-9 


8-75 











Although triple splitting is frequently observed at Hobart in the # and lower F, 
regions on P’f records, these Z echoes have been too weak for reliable direction 


finding. 
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Fig. 1. Fluctuation in direction of arrival of Z echoes. 


The direction of arrival was observed to fluctuate rapidly over a limited range. 
Fig. 1 shows a typical example. 


THEORETICAL CONSIDERATIONS 


It is apparent that the F region triple splitting observed is due to back scattering 
of the Z wave by a rough layer as suggested by Scorr (1950), although the angle 
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measured is considerably less than expected. In discussing the possible explanation 


the following symbols will be used: 


= angular wave frequency 


= electron density 
4 Ne? 


m 


= collision frequency 
= propagation angle; the angle between the wave normal and the 


direction of the geomagnetic field 


7 P . : . ° 
= oe angle of Dip = propagation angle at vertical incidence 


“ 


2 cos © 


Py sin? © ee os 
= —~___. = critical collision frequency 


= angle between wave normal and vertical 


propagation angle when » = », 
- APPLETON-HARTREE refractive index 


If a wave packet is vertically incident on a non-uniform layer the direction of 
the wave normal will remain vertical at all levels. Because of this the transition 


from transverse to longitudinal 
propagation is usually discussed 
with reference to curves of 
qg? = q?(N) for given values of 0. 
Typical curves for zero collision 
frequency are shown in Fig. 2. 
It is seen that the transition 
may be described in terms of 
changes in the shape of the curves 
at the transverse ordinary level, 
p?, as © > 0. In the Z 
region there is no qualitative 











Fig. 2. Refractive index as a function of electron density. 


difference between the transverse extraordinary mode and the longitudinal 


ordinary mode. 


If a wave packet is obliquely incident on a non uniform layer the direction of 
the wave normal will vary continuously as the wave penetrates the layer. We may 
conclude from the above discussion that if the angle of incidence is such that the 
wave normal of the ordinary wave tends to become parallel to the magnetic field as 
the wave packet approaches the ordinary level of reflection, then penetration of 
this level and reflection at the Z level may occur. 

The variation in the direction of the wave normal may be obtained graphically 
by a method described by POEVERLEIN (1948). Fig. 3 shows a polar diagram of 
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the refractive index of the ordinary wave as a function of 0 for values of 
Po < p®. In Fig. 4 we have similar curves for propagation in the Z region 
where p,” > p?. 

The angle of refraction of the wave normal ® for a given angle of incidence ®, 
at any level is given by SNELL’s law 

Sin ©, = q Sin ® 

If then we draw a vertical line on the diagram at a distance Sin ®, from the centre, 
then the directions of the wave normal at a given value of electron density are 
given by the radii at the intersections with the appropriate curve. Two directions 
are found, one for the upgoing and one for the downcoming wave. 





SiN Or be— Oo 
Fig.3. Polardiagram. Refractive index v = 0 Fig. 4. Polar diagram. Refractive 
Vices 3PH index y= 0 P=3PH 

It is seen from Fig. 3 that at the angle of incidence chosen the wave normal of 
the upgoing wave will become parallel to the field at the ordinary level of reflection. 
Continuing on Fig. 4, we have the same direction of wave normal at the same level. 
At higher levels ® increases and with a smooth layer the wave packet reflected at the 
Z \evel will arrive back at the ordinary level with its wave normal at a considerable 
angle to the field. It may or may not penetrate this level. If it did the observed 
polarisation of the Z echo would be extraordinary. In any case the wave packet 
would not return to the transmitting point. Only in the case of energy scattered at 
the Z level back along its incident path will the wave normal again become parallel 
to the field and longitudinal penetration at the ordinary level result. 

To obtain the required angle of incidence ®,, it is only necessary to know the 
coordinates of the point P. These are given by the inclination of the magnetic field 
©, and the magnitude of the refractive index for longitudinal propagation when 


Po? = p* and vy = 0 


pie ee 
that is Sin ®, = /—?4 _ Sin 0, 
“ Py + Pp 
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Fig. 5 shows ®, as a function of frequency for different values of magnetic dip. 
The observed directions of arrival of Z echoes at Hobart appear on the diagram. 


COLLISIONS 


According to the classical ray theory the effect of collisions is to increase from zero 
the propagation angle at which the transition from transverse to longitudinal 


| 
| 
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fy =1-55 Mc/s 





ESE 





Angle of incidence 


sin Be 














Fig. 6. Section of 
Fig. 3 showing the 
range A®, of the 
critical angle of 
Frequency ———> Me/s incidence due to 
collisions. 








Fig. 5. Critical angles of incidence for Z reflection. 


propagation occurs. Corresponding to this range of © there will be a range of 
angles of incidence favouring a longitudinal penetration of the ordinary level. 
This is shown in Fig. 6. 

Providing ©, is small we have 


If ©, is large as is the case for the E region a more accurate calculation is 
necessary. 

Typi 7 f A® iven in Table 2 

Typical values o , are given in T'able 2. 
The observed variation in the angle of arrival may be due therefore to collisions. 


Back SCATTERING 


Since back scattering appears to be the primary cause of the observed triple 
splitting, it is relevant to examine the available evidence for roughness in the 
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reflecting layer. Unfortunately, only one series of observations have so far been 
reported. These were made by Brices and PHILLIPs (1950) in connection with an 
investigation of ionospheric winds. They have shown that the angular spreading 
of a downcoming wave reflected by a small element of the layer may be described 
by the function cos" y where y is the angle of scattering measured from the direction 


of specular reflection. They defined the roughness of the layer in terms of a 


parameter y, such that cos" y, = }. 


Table 2. Variation of AM, with frequency 
0, = 18° y = 104 per second 





A®, r ®, 
Pa 





Degrees Degrees 











3°55 11-9 
3-05 y 10-2 
2-05 8-9 
2-0 7:8 








During a series of observations at night on 2-4 Mc/s from January, 1949 to 
January, 1950, they found that y, did not exceed 25° for the F region. On 4-8 Mc/s 


between January and May, 1950, wy, did not exceed 5°. 
From Fig. 5 we see that in Southern England (Dip 66°), spreading over an angle 
of 28° would be necessary at 2:4 Mc/s to return Z echoes to the transmitting point. 


Taking y, as 25° we have 
cos" p = 0-2 y = 28° 


that is, the power reflected back in the direction of incidence is one-fifth of that 


reflected specularly. 
At 4:8 Mc/s and with y,) = 5° we have 


cos* y = 10-1 y = 24° 


We may conclude that during the periods mentioned triple splitting would have 
been most unlikely in Southern England on 4-8 Mc/s. It may have been observable 
on rare occasions at night on 2-4 Mc/s. 

Since triple splitting occurs during the day time at Hobart on frequencies 
between 4:5 and 5-5 Mc/s it is apparent that the F layer at times must be 
considerably rougher here than has been observed in England. 

y, would have to reach the vicinity of 18° compared with the maximum of 5° 
reported by Brices and Puitiips. The relation between F layer roughness 
and triple splitting at Hobart is being made the subject of a separate 


investigation. 
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CRITICAL FREQUENCY OF THE Z WAVE 


As the Z wave is reflected at oblique incidence the critical frequency f, F, observed 
on P’f records will be greater than that calculated from the minimum ordinary wave 
critical frequency. The appearance of the P’f record is shown in Fig. 7. 


Approximarely 


ger 
_p 








0 
f 
Fig. 7. Position of Z trace in the presence of 
critical frequency spreading on the O and X traces. 


Actual P’f records showing F region triple splitting generally have this form. 
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ABSTRACT 
In the years 1949-50-51 there appeared to be no increase in storm-probability after the occurrence of a 
solar-flare effect, except perhaps in the probability of severe magnetic storms. 


INTRODUCTION 


One of the phenomena that sometimes accompany a solar-flare is a characteristic 
geomagnetic disturbance, the solar-flare effect (SFE). It has been suggested that 
the occurrence of a SFE in the magnetogram is an indication that the flare is 
capable of producing a magnetic storm, which will usually follow within the next 
two days. Ifso, although the position of the flare on the sun’s disk is an interfering 
factor, a statistical investigation of the connection between SFE and magnetic 
storm should give positive results, regardless of the position of the flare. 


MATERIAL 


Since 1949 the SFE’s have been reported by a great number of observatories and 
tabulated at the international centre “De Bilt.” At the end of each year the 
observatories are asked by circular to check all the effects on this list. From the 
returned circulars two tables are made up, one of trustworthy and one of doubtful 
effects. This paper reports an investigation based on the tables of trustworthy 
SFE’s of the years 1949-50-51 as published in the [IATME-Bulletifs 12°, 12° and 12/. 

The same Bulletins contain the K,-indices of geomagnetic activity at intervals 
of 3 hours. K,-sums over 24 hours proved to be very useful in an earlier investiga- 
tion (VAN SABBEN, 1952); so they were used this time too. The term XK, will be 
used to denote the sum of 8 K,-indices over the period of 24 hours that ends at the 
time under consideration. 

me 
PROCEDURE 


Every SFE that was followed by a magnetic disturbance which produced at least 
one value of XK, > 30 within the next 72 hours was counted as a positive case. 
For every year the number of positive cases was compared with the number that 
could be expected by chance. The latter number was computed from the chance of 
a magnetic disturbance with LA, > 30 occurring within 72 hours after an arbitrary 
point of time. Here a restriction is necessary, however, because the possibility of 
observing a SFE depends on the degree of magnetic activity about the time of the 
SFE; when the K-index is high there is often no means of ascertaining the occurrence 
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of a SFE. Therefore the chance, mentioned above, was determined by counting 
the 3-hour periods with K, < 4 which were followed within 72 hours by =K, > 30 
and by dividing this number by the total number of 3-hour periods with K, < 4 
and 2K, < 30. Of course this method requires that the few SFE’s which were 
nevertheless reported during a period with K, > 4 or UK, > 30 shall be neglected 
in counting the number of positive cases and the total number of SFE’s. 


RESULTS 


Table 1 
1950 1951 
A. Total number of trustworthy SFE’s recorded with 
Kp<4 and LKp< 30. 


Number of A, followed by XAp > 30 within 72 hours 
(positive cases) 
Number of positive cases to be expected by chance 


It appears from Table 1 that the number of positive cases was somewhat higher 
than expected from chance in 1949, but lower in 1950. The table as a whole is 
incompatible with the suggestion made in the introduction. The objection might 
be raised that all sorts of magnetic disturbance were taken into account, whereas 
SFE’s tend to be followed by ‘“‘non-recurrent”’ storms (that is, storms which show 
no 27-day recurrence tendency). If we neglect the disturbances that, with certainty, 


can be identified as “‘recurrent-storms’’ (R-storms), the result is Table 2. 


Table 2 
1949 1950 1951 
Number of SFE’s followed by XA > 30 within 72 hours, 
R-storms neglected 


Expected by chance 


This is still much the same result, the excess for 1950 being still negative, though 
smaller than in Table 1. There remains the possibility that a positive result can 
be obtained by restricting the criterion for “storm,” since 2K, > 30 is reached by 
many moderate disturbances. Requiring not only that XK, > 30, but that the 
individual K,-indices must reach the value of at least 7 twice or more during the 
72 hours after the SFE, means that only the more severe storms are selected. 


This leads to Table 3. 


Table 3 
1949 1950 1951 


Number of SFE’s followed by a severe magn. storm, 
R-storms neglected 


Expected by chance 





D. VAN SABBEN 


There was thus an excess in 1950 as well as 1949, but the number of cases has now 
become so small that the result from a statistical point of view is of doubtful 
significance. 














Day -5 -4 “3 “2 =4 0 


Fig. 1. Mean magnetic activity Kp on days before and after solar-flare effects in the years 
1949, 1950 and 1951 


Finally we consider the mean magnetic activity from 5 days before to 5 days 
after all days on which SFE’s occurred. Table 4 shows the daily mean values of 
K,, on these days. This time only those SFE’s were used which were supported by 
a simultaneous report of a solar flare or a radio fade-out. 


Table 4 





Day after SFE 





| | | | 
0 | +1] +2) +3 | +4) 





| 


2-53 | 2-28 | 2-11 | 2-17 | 2-20 | 2-46 2-59 2:11 


| 2-53 | 2-62 | 2-40 | 2-43 | 2-20 | 2-33 | 2-47 | 2-44 
(3:37 | 3-53 | 3-17 | 2-93 | 3-13 | 3-13 2:76 | 2-77 | 
2-64 | 2:58 (2:36 2-37 | 2-33 2-50 | 2-56 | 2-44 | 2-53 
| | | | 





There is no indication in Table 4 that the mean magnetic activity is greater after 
the SFE than before the SFE. In fact there is a slight indication of the reverse 
effect, the mean values of K, on the days +1 to +5 being all somewhat smaller 
than those of days —1 to —5. The minimum about day zero is to be expected 
because magnetically quiet conditions are favourable for the observation of SFE’s. 

As an attendant result it appears from Table 4 that there is no clear indication 
of a minimum in the magnetic activity about the third day after the SFE. Such a 
minimum was found by STRANz (1951) for the years 1948 and 1949, using the days 
with a radio fade-out (Dellinger-effect) as zero-days. 
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CONCLUSION 


Summarizing one may conclude that during the years 1949-50-51 the probability 
of a magnetic disturbance with XK, > 30 developing within 3 days after the time 
of occurrence of a solar-flare effect was no higher than after an arbitrary instant. 
The chance of a major storm developing after a SFE seemed to be somewhat 
higher, but it nevertheless turned out to be very small (< 10%). These results, 
and especially the latter, should not yet be generalized, because of the restricted 
material from which they are deduced. Unfortunately there is little chance of any 
considerable increase in the number of SFE’s in the next few years, and the above 
conclusions must remain: provisional until the next sunspot-maximum. 
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ABSTRACT 


The possible value of the FaBry-Prror etalon in the measurement of upper atmosphere temperatures 
is put forward again, and some old observations by BaBcock and VEGaRD are discussed. It is shown 
that background sky-light will introduce a serious error in temperature estimations based on the contrast 
in etalon photographs, and the work of Roacu and Pertit with photoelectric photometers is used in an 
attempt to assess the magnitude of this error, with a view to allowing for it in future observations. 


1. INTRODUCTION 


In a discussion on the importance of obtaining experimental values of the tempera- 
ture in the upper atmosphere, SpiTzER (1949) has briefly drawn attention again 
to the possibilities of the FaBry-Prrot etalon. Basing his ideas upon some 
photographs of fringes due to the 45577 nightglow radiation taken by Bascock 
(1923) in 1923, he has indicated that it should be possible to obtain at least an 
upper limit to the temperature in the region concerned from measures of the 
ratio of the light intensity in a fringe to that between fringes (the ‘“‘contrast’’), 
given a sufficiently high order of interference. In the following paragraphs a brief 
summary of the interferometer observations of BaBcock (1923) and VEGARD 
(1937) is given, and the results discussed. It is shown that any estimation of 
temperature from contrast in fringe photographs may be seriously in error if 
allowance is not made for the background light due to starlight, galactic light, 
zodiacal light, and terrestrial radiations from faint emissions and the continuum. 


2. THE OBSERVATIONS OF BABCOCK AND VEGARD 


BaBcock’s instrument consisted simply of a colour filter and an etalon placed in 
front of a fast camera pointed at the northern sky and exposed all night. The 
filter employed cut off below 5200A and above the yellow and thus had a trans- 
parent band some 500A wide. The highest order of interference used was 85,000, 
and the reflecting surfaces were lightly gilded, their reflecting-power not being 
specified. It may be assumed, however, that owing to the faintness of the light 
being studied, it did not approach the values generally associated with laboratory 
etalons, and was probably 0-5 or less. 

The aim of the observations was the determination of the wavelength of the 
then-unidentified green line, and no serious attempt seems to have been made to 
measure the contrast or to determine the fringe profiles. It is doubtful if profiles 
could have been determined with any degree of accuracy, since the order used 
(85,000) and the necessarily short focal length of the camera lens resulted in a very 
small image of the ring-system of fringes, the radius of the tenth ring being about 
1-2mm. Also, low reflecting power in such an etalon causes the apparatus width 
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to be an appreciable fraction of the observed fringe width, even for the maximum 
values of line width to be expected in the case of the 45577 emission, so that the 
Doppler broadening would tend to be hidden. Some enlargements are published 
in BaBcock’s paper, taken from plates showing fringes due to the green radiation. 
at an order of interference up to 31,000, in which the grain of the emulsion is 
apparent enough to make accurate profile measurements seem unattainable. 
Nevertheless, BaBcock says concerning his fringes: .‘‘a conservative estimate of 
their width places this quantity at not over one-half the spectral range of the 
etalon, which is 0-066A” (for order 85,000). “It would appear safe to say that the 
width of the persistent green line did not exceed 0-035A.” He used this value in 
an attempt to obtain the atomic weight of the emitting atom from a formula due 
to Buisson and Fasry (1912) 


A = 0-82 x 10-8 i |? 
M 


where A is the “absolute line width,”’ which is 2-3 x half of the half-width, half- 
width being defined as the width of the profile at half intensity; 2 is the wavelength; 
T the absolute temperature, and M the atomic weight.: It is of interest here to 
calculate the temperature using a suitably modified value of A. By using 
A = 0-035A in the Butsson-FaBry formula Bascock evidently assumed that the 
observed fringe width was the absolute line width, whereas in fact the line width 
is only a fraction of the fringe width if the reflecting power is low. If the reflecting 
power r was 0-5, the apparatus half-width was 0-015A, from considerations of 
multiple-beam interference. The observed half-width of the fringes may be taken 
as (2/2-3) x 0-035A from the above definition of absolute width, giving 0-030A. 

The spectrum line half-width due to Doppler broadening may be obtained 
from a curve, due to MInKowskKI and Bruck (1935) and discussed by MEISSNER 
(1942), relating the three parameters, observed, line, and apparatus half-width. 
From it the line half-width is found to be 0-021A, giving an absolute width of 
(2-3/2) «x 0-021A = 0-024A, which value for A, and 16 for M, gives T = 441°K 
from the above formula. It must be stressed that this temperature value depends 
upon a guess at the etalon reflecting power, and a conservative estimate of fringe 
width, but it serves to illustrate the magnitudes of the quantities involved and the 
need for high orders of interference, when line widths are large fractions of observed 
widths, and the requirement that the images of the fringes should be large enough 
to permit width measurements uninfluenced by photographic grain. 

In 1937 VEGARD (1937) attempted to obtain an estimate of the difference in 
temperature between the regions in which the top and bottom of auroral features 
were located by photographing the fringe systems due to the 45577 radiation 
from each region with an arrangement like Bascock’s. He considered that if the 
temperatures at 250 km and 100 km were about 1200°K and 240°K respectively, 
the consequent difference in the width of the fringes registered from each region 
by his interferometer should be easily measured. He dismissed the possibility of 
absolute temperature determination because of the necessarily light silvering on 
the plates, since, as has been mentioned already, the temperature broadening 
would be largely masked by the apparatus width. Three photographs are published, 
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taken with an etalon with the plates spaced 1-5 mm apart, each one corresponding 
to a different height of auroral luminescence, the probable extreme difference 
being 100 km. There is no noticeable difference in fringe width from photograph 
to photograph, a fact which VeGarp took to deny the existence of a large difference 
in temperature between the heights concerned. 

A consideration of the change in fringe width to be expected with a 1-5 mm 
etalon due to a temperature change of 1000°K shows that VEGARD perhaps over- 
estimated the magnitude of the effect. At 45577 a 1-5 mm etalon has an order of 
interference of about 5400, and a spectral range of 1-03A. Taking the reflecting 
power as 0-5 (no values are given by VEGARD) gives an apparatus half-width of 


1200°K are 0:0155A and 0-0345A, so the fringe half-widths would certainly not have 
increased by more than 0-019A, the difference between these two values, for a 
temperature rise of 960°K. As this constitutes only about one-twelfth of the total 
fringe width, it is scarcely likely that a simple inspection of the photographs would 
reveal it. Indeed, judging by the grainy appearance of VEGARD’s published photo- 
graphs, it seems possible that even careful measurement of the plates would fail 
to show the effect. One may conclude from this that lightly coated etalons with 
orders as low as 5,000—10,000 are of little value for temperature estimations. 
Had the order of VEGARD’s etalon been as high as BaBcock’s (85,000), the half- 
width of the fringes would have nearly doubled in the above temperature range, 
and the contrast would have decreased by a noticeable amount. Further observa- 
tions similar to those by VEGARD, but with much higher orders of interference, 
would be likely to yield valuable results. 


3. CONTRAST AND THE BACKGROUND 

Instead of from profiles, temperature may be estimated from the contrast in fringe 
photographs. This may be done either by increasing the order of interference until 
the fringes disappear (the “‘limit of interference’? method), or by measuring the con- 
trast at a fixed order. SAHA (1917) has given a formula connecting p, the order of 
interference, and V, the visibility (defined by V = (Lia, — Lmin)/(Lmar + Lmin)> 
where /,,,,, is the intensity in a fringe and /,,,,, that between two fringes) for fringes 
broadened by the Doppler effect due to high temperature: 


gs 
ay 


c [Mo 2) 
V, 


where c is the velocity of light; M is the atomic weight of the emitting atom; w 
is the mass of the H atom; k is BoLTzMANN’s constant; 7' is the kinetic tempera- 
ture in °K; r is the reflecting power of the metal coat on the etalon plates. In 
view of the difficulty in obtaining fringe profiles from the very small images almost 
inevitably associated with faint light and high orders of interference, it would 
appear to be more hopeful to base airglow temperature estimations upon contrast 
(Lar! 4 min): SPITZER (1949) has already discussed the possible relation between the 
sharpness of Bascock’s fringes and the contrast, and suggests that a value as low 
as 5/3 for the latter might still be consistent with sharp fringes. This value would 
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imply a temperature of 1700°K, taking the reflecting power to be 0-5, but it should 
be understood that it is put forward purely as an example, and Bascock’s plates 
are unfortunately no longer available for measurement (private communication 
from Professor Sp1tzER). Moreover, in associating a contrast of 5/3 with a tempera- 
ture of 1700°K the effect of the background sky light is neglected, and an investiga- 
tion shows that this constitutes a serious source of error, causing spuriously high 
temperatures to be found. Before attempting to obtain temperature from contrast, 
therefore, the intensity of background light and its effect upon etalon photographs 
must be shown. 

Considerable attention has been paid to background light by workers attempt- 
ing to measure the heights of the emitting layers by the van Rhijn method, using 
photoelectric detectors. An analysis by Roacu and Perrir (1952) indicates that 
a representative value of the total background light intensity from starlight, 
galactic light, zodiacal light, and faint terrestrial emissions and continuum, is 
equivalent to 500 tenth magnitude stars per square degree (avoiding, of course, 
the obvious bright places in the sky around the Ecliptic and Galactic Plane). 
The minimum background intensity to be found in any part of the sky is, according 
to the above authors, equivalent to 100 tenth-magnitude stars/square degree, 
and this value will be used in what follows to indicate the least possible disturbance 
to be expected from background, although the 500-star value will be taken to be 
the one met with in practice. Assuming that the normal intensity of the 15577 
nightglow radiation is 2 x 108 quanta/em? column sec., and taking the spectral 
distribution of the background radiation to be similar to that of sunlight at the 
Earth’s surface, Roacu and Pertir find that in a wavelength range of 1 angstrom 
unit centred at 45577, the ratio background intensity: 45577 intensity is 0-0125. 
Thus a photoelectric cell preceded by a filter passing a 1-A wavelength band would 
theoretically give a current of which a fraction 0-0125 would be due to background 
light. As the wavelength band accepted by the instrument is increased, the authors 
take the above ratio to increase in proportion, so that for a filter passing a band 
500A wide, the background would be 6-25 times more effective photoelectrically 


meter and filter such as that used by Bascock, the mixture of background light 
and green-line radiation will result in fringes superposed upon a fog, and it is 
necessary to consider how fog intensity and fringe intensity are related to the 
known Roacu-Pertirt ratio of the light entering the instrument. When a relation 
has been found, the magnitude of the fog’s contribution to the measured contrast 
can be determined, and the temperature may then be estimated from the corrected 


contrast. 
With a Fasry-Perort etalon which has plates with transmitting and reflecting 


powers s and r, respectively, a fraction s?/(1 — r?) of the entering light is passed 
(absorption being neglected), and the remainder is thrown back. In the case of 
strictly monochromatic light, the fraction passed is arranged in fringes in the focal 
plane of the camera in such a way that the intensity in a fringe is equal to the 
intensity of the entering light. The width of the fringes, and the intensity between 
fringes, depends purely upon 7. In the case of light with an appreciable spectral 
range, such as that passed by a coloured filter, no fringes are visible in the focal 
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plane because each discrete colour in the range produces a fringe-system displaced 
from fringe-systems due to neighbouring colours, the result being a blurring-out 
to give an evenly illuminated field. The light intensity at any point in this field 
must be s?/(1 — r*) of the intensity of the entering non-monochromatic light. 
Fig. 1 illustrates the effect of placing an etalon in front of a camera pointed at an 
extended source emitting a monochromatic radiation intensity A superposed on a 
non-monochromatic background radiation of intensity B, both A and B being in 
the sense of photoelectrically recorded intensities, or energies, B/A constituting 
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the Roacu-PErtir ratio for the particular case. It is apparent that the contrast 
of the fringe system is modified from A/i, the value without background, to 
(A + fB)/(¢ + fB) by the presence of the background, where 7, the minimum, is 
determined by r alone, as in usual interferometer theory, and f is the factor 
s?/(1 — r?). However, in reality the fringes are produced by slightly non- 
monochromatic light from a temperature-broadened spectrum line, so that the 
photoelectric intensity A will no longer be the fringe intensity, and the minimum 
intensity i’ will depend on the line width as well as r. The fringe intensity will be 
gA, g being less than 1, and such that the area under the fringe profile is the same 
as that under the profile of fringes given by strictly monochromatic light of the 
same photoelectric intensity A. Thus the contrast in a photograph of fringes 
due to an extended source emitting a nearly monochromatic radiation of photo- 
electric intensity A superposed on a background of non-monochromatic radiation 
of photoelectric intensity B will be 


gA + fB 
i’ +fB 


This is illustrated in Fig. 2, where the cases of a narrow-line and broad-line source 
of radiation of intensity A are compared. 

For the night glow, the Roacu-Pertit ratio background: 45577 makes it 
possible to calculate the contrasts to be expected for various assumed widths of the 
green line (i.e. various temperatures of the emitting region) with an etalon of given 
order and reflecting power preceded by a colour filter of stated band-width. The 
absorption in the reflecting layers of the etalon need not be considered, as it seems 
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reasonably safe to assume that it affects both background light and green-line 
light equally. Such contrasts were calculated in the following way: for each 
assumed temperature a fringe profile was drawn, taking 0-5 for the reflecting power. 
These fringe profiles were constructed by adding the suitably modified apparatus 
and line profiles according to the method due to MrnkowskKI and Bruck (1935). 
Such a profile is shown in Fig. 3, the intensity scale being established by drawing 
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a line XX as indicated, such that the areas shown cross-hatched are equal. 
line is at an intensity-level 


[s?/(1 — r?)] x A = 0-33A, forr = s = 0-5 


where A is the photoelectric intensity of the 45577 radiation, and so the fringe 
intensity gA and the minimum 7’ may be obtained by measurement. The factor 
f is 0-33, and B, the photoelectric intensity of the background, is known in terms of 
A from the Roacu-Pertir ratio for the colour filter concerned, so the contrast 
may be obtained for the line width or temperature assumed. Fig. 4 shows the 
relation between contrast and temperature found in this way for an etalon of order 
85,000 and r = 0-5, and a colour filter passing a 500A band (i) for a RoacH-PErttitT 
ratio of 6-25, that arising from the most likely background intensity of 500 tenth 
magnitude stars/square degree, and (ii) for a ratio of 1-25, arising from the minimum 
value of 100 tenth mag. stars/square degree. 

The profound effect of background is thus evident, and may perhaps be demon- 
strated most strikingly by adopting Sprtrzrr’s illustrative contrast-value of 5/3 
for fringes such as those obtained by Bascock. With no background, 5/3 indicates 
1700°K; with a Roacn-PEtTTIT ratio of 6-25, a contrast of 5/3 will never be obtained, 
the maximum possible being 1-40 for 0°K; with a ratio of 1-25, 5/3 indicates 
730°K. The reflecting power, of course, plays a part in the determination of the 
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temperature, and must be known with some degree of accuracy. Calculation 
shows that for r = 0-6 and r = 0-4, a Roacu-PErtitT ratio of 1-25 and a contrast 
of 5/3 give rise to values of 960°K and 490°K, respectively. The effective r-value 
may be measured in the laboratory by observing the width of fringes due to a 
source emitting a narrow spectrum line with the interferometer plates in question 
spaced but a fraction of a millimetre apart. 

The value of the Roacu-Pxrtit ratio, background: 15577, to be adopted for 
given conditions of observation is difficult to determine, in that during an exposure 
of several hours with a fixed interferometer, a variety of samples of sky will move 
through the field of view. Moreover, the ratio is based on a 45577 intensity of 
2 x 108 photons em2/col/sec, so that sporadic enhancement of the radiation would 
make any adopted value in error. BaBcock remarks in his paper that considerable 
variations in intensity among his photographs indicated that the brightness of 
the green line was not constant from night to night. Abnormally bright green- 
radiation would lead to an estimated temperature lower than the true tempera- 
ture if the method of analysis described above were to be used with a ratio chosen 
simply from the band-width of the filter. It would thus in all probability be safer 
to measure the ratio experimentally for the time interval and part of the sky 
used for the observation of the fringes. This could be done by employing a 
second interferometer whose plates, for convenience, matched those of the first 
in reflecting power, but whose order was very much lower. The contrast in the 
photographs from the second instrument would be determined almost wholly 
by the background: 45577 ratio and the reflecting power, since the spectral 
range would be so large that the temperature broadening to be expected in the 
green line would be negligible compared with it. Thus for plates with r=0-5 
spaced 0-5 mm apart, (order ~ 1800) Sana’s formula indicates little difference in 
visibility for 7 = 250°K and 2500°K. Simple interferometer theory suggests a 
contrast of 9 for r = 0-5, so that in the case of the low-order instrument 
any recorded contrast less than this would be a result of background. For example, 
a recorded contrast of 3 would suggest a background: 45577 ratio of 1. A ratio 
obtained in this way could then be used to reduce the contrast-value recorded by 
the high-order interferometer by the method described above. 

In the case of observations on aurorae, where the intensity of the green line is 
many times that in the nightglow, errors due to background are likely to be smaller. 
It would seem to be well worth while repeating VEGARD’s observations using: high 
orders of interference, and attempting profile measurements to check contrast 
measurements, since the greater light intensity should permit the use of relatively 
long focal-length cameras. A photoelectric method of detecting interferometer 
fringes, due to JacquinoT and Durour (1949), and described by Kuun (1951), 
might also find an application in auroral work, making it possible to measure 
contrasts rapidly. 


Acknowledgments—The writer is indebted to Professor D. R. Batts for suggesting 
an investigation of the sources of error likely to be met with in interferometer 
measurements of upper atmosphere temperatures, and to both him and Dr. E. J. 
Opixk for discussion and criticism. 
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RESEARCH NOTE 





A note on the “‘sluggishness”’ of the ionosphere 
(Received 11 May 1953) 


(1) It is usual to interpret the temporal variations of ionisation in the various layers of the 
ionosphere in terms of the well-known equation 


dN P 

7 to all (1) 
where N is the electron density, g the rate of electron production per cc, « the recombination 
coefficient and ¢ the time. On the other hand, if the electrons disappear by way of attach- 


ment, the corresponding equation is 
dN . ‘ 
oor (2) 
where f is a parameter which is proportional to the atmospheric pressure. It is, however, 
convenient to consider all ionospheric problems first in terms of (1), since, if « is found to 
be inversely proportional to N (i.e. «N is constant), we can presume that an attachment 
law is appropriate. 

(2) The physical effect of recombination or attachment is to delay the response of 
changes in NV to changes in g; and we may, in fact, speak of a “time of relaxation” of the 
ionosphere, This can be most directly illustrated by noting an analogy between the iono- 
sphere and an inductive circuit. If we differentiate (1) with respect to time, t, we have 


where Q is the current of electricity passing through a circuit of resistance R and induc- 
tance Z under the influence of an electro-motive force EZ. We see at once that there is an 


a L, . 
analogy between dyn 1D the ionospheric case and the “‘time-constant”’ Rim the electric 
ahs 


circuit example. We should therefore expect, by analogy, that when g passes through a 
maximum in the case of the ionosphere, the resulting maximum of N will be delayed by a 


l 
time of the order of —— seconds. 
2aN 


(3) Let us return to equation (1). For conditions round noon we are concerned with two 
maxima, one of g and one of N. Let the subscript g refer to conditions of maximum electron 
production. The maximum of g is reached at noon while the maximum of N is reached a 


short time (At) later. 
From (3) we have, under conditions of g maximum, 


ee or. 
. bi dt @ 
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dN 
Now from Taytor’s theorem, the value of z at a time shortly after the time of g maximum 
is given by 
dN dN d?N 
ae (az), + (ae), : 
where At may be, for example, the delay of the N maximum behind the q maximum. 


N 
But, when N is a maximum, — is zero so that, using (5) and (6), we have 


dt 
(=) 
dt l 
ies i) rr i 7 
a — sae saa (7) 
It should be noted that the value of NV in the expression for the delay time, is the value at 


noon. It is easy to show that, if we had assumed an electron disappearance rate proportional 
to AN", the delay time would have been 1/(nAN"-!). Thus, if equation (2) had been 


1 
operative, the value of At would have been equal to B 


Equation (7) indicates that, even if we cannot determine actual values of N (e.g. in the 
case of the D Layer) we are able to estimate «N if At, which expresses what we may call 
the “‘sluggishness” of ionospheric response, is measurable. Now if we assume that the 
well-known delay of maximum radio absorption behind noon is due to the delay in the 
N maximum in the D Layer, we can find the value of («N)p. Since the values of At, at 
medium latitudes obtained from both published and unpublished absorption data, range 
from 20 to 40 minutes we have values of («N), ranging from 4 x 10-4 to 2 x 10 sec". 

We can check this range of values of «NV by another method in which the diurnal 
variation of any quantity which is proportional to N (e.g. absorption) is used. Let us 
suppose that the quantity in question is G where 

G= uN 
bu being a constant. 

If we compare results at two times, before and after midday, at which q is the same we 
have, from (1) 


(8) 
and 


(9) 


where the subscript (1) refers to the forenoon and the subscript (2) refers to the afternoon. 
From (8) and (9) we have 


= a(N,? — N,?) (10) 


Now, if the curve of Q is fairly symmetrical round noon, (10) can be simplified. The values of 
dN aN. 
= and a will then be roughly numerically equal, although their signs are, of course, 


opposite. Also we may consider (NV, — Nj) to be a small quantity AN. We therefore have 
dN 
dt (11) 


or ayy 
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and therefore 
dG 
Po dt (12) 
— 


Again, therefore, it appears that, although the value of N is unknown, we can determine 
a.V from the diurnal trend of some quantity which is proportional to NV. 

Now, in routine ionospheric measurement, the value of the minimum frequency for 
which echoes are recorded (f,,;,) is often determined. It is easy to show that the quantity 
(fmin + fr)”, where jf, is the longitudinal gyro-frequency at the level of absorption, is very 
approximately proportional to VN. We may therefore write 


G= uN ac L'(fmin + fi)? (13) 


and equation (12) can then be used to determine «N in the D Layer. Now Kamryama [1] 
has given average values for f,,;, for 27 months at Tokyo which I have used in determining 
(aN), by the method indicated. (KamrtyaMa has given his data a different treatment). 
The values of («N), obtained range from 2-0 x 10-4 to 7-6 x 10 sec", which do not 
differ greatly from the values obtained above from a study of noon phenomena. We may 
therefore be fairly certain that («N), is of the order 4 x 10~ sec—}. 

(4) Both of the methods of determining «N described above are, of course, also applicable 
to the #, Fl and F2 Layers. I have therefore used them to discover how «N varies through- 
out the whole range of heights of the ionosphere. For comparable day-time conditions the 
following approximate figures have been obtained. 





Layer Value of xN (sec) 
D 7 4x 10-* 
| z 10 x 10-4 
| Fl x 10-4 





F2 (winter) 2x 10-* 





Although it should be stressed that the figures in the above Table are very approximate, 
I believe that there is no doubt that there is a maximum of «N in the E Layer. 

Now it is a remarkable fact that the day-time range of «N is constant throughout the 
four layers within a factor of about 5, although the value of N itself varies, from the D to 
the F2 Layers, by a factor of over 100. There are two ways of interpreting this result 
If the effective process of electron dissipation is one of recombination, and we use known 
facts relating to the values of N in the #, Fl and F2 Layers, we must conclude that the 
value of « falls steadily as we go upwards from the D to the F2 Layer. On the other hand, 
if the process of electron disappearance obeys an attachment law, the rate of reduction of 
N by the process in question being proportional to BN, we must conclude that # is fairly 
constant over a great range of atmospheric heights and pressures. Such a conclusion would 
further indicate that, although the decay law might be of the attachment type, the physical 
process could not be attachment itself, for in that case we would expect the coefficient £ 
to be directly proportional to pressure. 


The University, Edinburgh. Epwarp V. APPLETON. 
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The relation between rain current and rate of rainfall 


A. C. Brest 


Meteorological Office, Air Ministry, Kingsway, London. 
(Received 3 November 1952) 


ABSTRACT 

In Geophysical Memoir No. 84, Sir GEoRGE Stmpson (1949) examines the relationship between the rain 
current 7 (the electrical charge carried down by rain), and the rate of rainfall R’, and on page 34 of that 
memoir he gives three explicit forms of the empirical relationship between these two quantities. The 
purpose of this note is to show that consideration of the drop-size distribution in rain leads to a relation 
very similar to the first of Simpson’s explicit formulae. 


1. RELATION BETWEEN RaTE OF RAINFALL, RAIN CURRENT AND 
DroP-sIzE DISTRIBUTION 


It has been shown by the present writer (1950a) that the size-distribution of 


raindrops can be described by 
F = 1 — exp [—(#/a)"} (1) 


where F is the fraction of liquid water in the air comprised by drops with diameter 
less than x and a and n are constants. The parameter a varies with the rate of 
rainfall but no relation has been found between n and the rate of rainfall. If W 
is the liquid water concentration in the air in cubic millimetres per cubic metre 
it easily follows from equation (1) that the number of drops per cubic metre with 


diameter between x and x + dz is 
CW(OF/ez\de _ 6Wna** oxp [—(z/a)" de 
7a” 


(2) 


Denoting the terminal velocity of a drop of diameter x (mm) by V (m/sec) we see 
from equation (2) that the rate of rainfall R’ is given by 


R’ = 36 10-4 | x"! exp [—(z/a)"] Vdx mm/hr (3) 
0 


Now suppose each drop carries a charge Kz? e.s.u. (SIMPSON, quoting WHIPPLE 
and CHALMERS, assumes the charge to be —3Xr? where r is the radius of the drop 
in centimetres and X is the electric field in e.s.u. With our present system of units 
we should thus put K = —3X/400). Then it follows from equation (2) that the 
rain current 7 is given by 

ti = 610-4 udery | x"? exp [—(x/a)"] Vdz e.s.u. em? sec! (4) 


7a 


For convenience write 


H(p,n) = { x” exp [—(2/a)"] Vdx 
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Then from equations 3 and 4 we have 


<a RRacon 6 

H(n — 1, n) se 
and the problem is reduced to that of expressing the ratio of the two H functions 
in terms of R’. 


2. VARIATION OF RAIN CURRENT WITH RATE OF RAINFALL 


ame 


We shall first express H as a function of a for specific values of p and n as follows. 
The integral H was evaluated graphically for various combinations of values of 
p and n and for each of the values a = 1-8, 2-1, 2-4, 2-8 and 3-2 mm (Values for 
the terminal velocities were taken from Best (1950b)). It has been shown else- 
where (Brest, 1950a) that these are probable values for a for the heavier rates of 
rainfall and also that n may have a value between 2 and 4. H was then plotted 
logarithmically against a and in each case it was found that, over the range of a 
considered, we could write 


a = Ae’ (7) 


with considerable accuracy. The values of A and s depend upon the values of 
p and n and are shown in Table 1. 


Table 1. 
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We can now write 
H(n —2,n 
a = Ba’ 
H(n — 1, n) 


where B and ¢ depend upon the value of n and have the following values 
n 2 3 4 


B 1-11] 1-130 1-112 
t —(Q-87 —(-94 —0-96 


and combining equations 6 and 8 we have 





The relation between rain current and rate of rainfall 


The final step is to express a in terms of R’. We could use the empirical result 
quoted by Brsr (1950a) but the diagram (Fig. 2 of that paper) upon which the 
result is based shows considerable scatter. On the other hand the same paper 
gives an empirical relation between W and R’ based upon a diagram (Fig. 3 of 
that paper) which shows very little scatter, viz. 


W = 67(R’)0846 (10) 
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Fig. 1. Relation between rain current and rate of rainfall. 
Now from equations (3) and (7) we have 
R’ = 3610-* A Wna*" 


and substituting from equation (10) we get 
(R’)*** = 0-241 A na** (11) 
Eliminating a from equations (9) and (11) and using the numerical values of the 
various parameters we get 
i =C(R’)y (12) 
where the values of C and ry depend upon v and are as follows 
n 2 ‘ + 
LOC /K 579 59: 583 
r 0-747 ‘73% 0-710 


When evaluating C and r it must be noted that the values of A and s in equation 
(11) must be selected from Table 1 for those cases when p = n — 1. It is notable 
that the value of n has very little effect upon the relation between 7 and R’. 
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3. COMPARISON WITH OBSERVATIONS 


We are not here concerned with the absolute magnitude of 1 but only with the 
variation of i as R’ varies. Accordingly the values of C are of little interest. In 
Fig. 1 the data for showers from Table 3 of Simpson’s memoir have been used to 
plot log i/J against log R’ (J is the point discharge current and Simpson shows 
that i is proportional to J). Using the method of least squares two lines of best 
fit can be computed to represent these data according to whether i/J or R’ is 
taken as the independent variable. These two lines are shown in the figure, their 
equations being 

t/IT = 1-95 10-8 (R’)*s 
and 

i/T = 2-45 10-9 (R’)r%5 


The first of these is almost identical with the relation given by Stmpson (equation 
(3) of his memoir). Equation (12) indicates that i varies as (R’)” where r has a value 
which differs very little from 0-73. Accordingly a line having a slope 0-73 has 
been drawn through the point of intersection of the two lines obtained by the 
method of least squares. It appears that this third line is a better representation 
of the data than either of the other two lines and it may be concluded that the 
non-linearity of the relation between rain current and rate of rainfall is adequately 
explained by the drop-size distribution in rain. 


Acknowledgments—Some helpful criticism of this note by Sir GEorcE Simpson 
is gratefully acknowledged. It is published with the permission of the Director. 
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The distribution of F, region ionization at high latitudes 
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(Received 6 February, 1953) 
ABSTRACT 


The geographical distribution of foF, in the arctic is analyzed by the use of polar contour charts of zero 
intercept and slope in the linear relation foF, = a + bs, between the critical frequency and the sunspot 
number. The distribution is found to be dependent on the geomagnetic field and the auroral zone. 


In the Canadian arctic, ionosonde records taken at eight second intervals vividly 
display the extreme variability and inhomogeneity of the ionosphere at high 
latitudes. 

The F region is characterized by the common occurrence of spread echoes, 
particularly at night, and the frequent occurrence of blackouts. While investi- 
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Fig. 1. The linear dependence in the arctic of foF, upon the sunspot number. 


gations of these phenomena are going forward, it is of interest to discover to what 
extent the monthly median foF, as scaled from the records by the internationally 
accepted procedures, obey the laws deduced at lower latitudes. 

The basis of frequency prediction is the linear relation, foF, = a + bs, between 
the monthly median critical frequency and the twelve month running average 
sunspot number. As is shown in Fig. | this relation is found to hold with reasonable 
accuracy in the arctic. 

The zero sunspot number intercept, a, and the slope or sensitivity, b, in this 
equation are functions of latitude, longitude, hour, and season. 

The data available from recording stations are limited both in time and geo- 
graphical position. However if a linear relation is assumed to hold at all times 
and places we may, as a first approximation, assume a smooth variation of the 
parameters, a and ), as a function of latitude, longitude, hour and month. 

By a tedious process of extrapolation, interpolation and smoothing, designed 
fully to utilize and correlate the available data, contour charts of a and b have 
been derived in coordinates of latitude and longitude for fixed hours and months. 
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Fig. 2. Summer contours of the slope or sensitivity, b, of the linear relationship foF, = a + bS 
between foF, and sunspot number. The sensitivity tends to be lowest outside of the auroral zone. 
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Fig. 3. Winter contours of the sensitivity. The auroral zone effect is most apparent during the 
hours of darkness. 
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Fig. 4. Contours of foF, for 0500 hours GMT in June at zero sunspot number. Frequencies are 
in megacycles. 
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Fig. 5. Contours of foF, for 1700 hours GMT in June at zero sunspot number. Frequencies are 
in megacycles. 
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A polar gnomonic projection is used, since on this projection all great circles 
become straight lines. Having in mind the paucity of available data, particularly 
from the eastern arctic, the details of such charts cannot be given much weight. 
However certain general features may be considered established. 

Consider first the contours of sensitivity, ). Examples are shown in Fig. 2 for 
0500 hours G.M.T. in June, and in Fig. 3 for the same hour in January. The 
sunrise-sunset great circle shown is of course at sea level. Examination of such 
charts reveals the following persistent features: 

(a) the arctic summer sensitivity is low at all times and the contours are not 
greatly dependent on the hour angle of the sun. 

(b) the arctic winter sensitivity tends to be high during the daylight hours 
and low during dark hours. 

(c) the winter sensitivity is at a minimum before sunrise and remains high 
well after sunset. 

(d) an auroral zone effect considerably complicates this simple distribution 
of sensitivity. 

This auroral zone effect is best seen when most of the zone is in darkness; that 
is, in the winter, near midnight, at the geomagnetic meridian, or at about 0400 to 
0500 hours G.M.T. However it can be observed at all hours in the winter. 

Persistent features of the auroral zone effect are listed below. These are more 
or less evident in the contours of Fig. 3. 

(a) There is a region of minimum sensitivity near the geographic pole which 
is usually displaced towards the point of solar tangency. 

(b) A band of low sensitivity extends around the outer edge of the auroral zone. 

(c) A band of high sensitivity along the inner edge of the auroral zone tends 
to separate (a) and (b). 

A band of high sensitivity at the inner edge of the auroral zone surrounded 
by a band of low sensitivity can be explained if we assume that the zone of maxi- 
mum storminess moves southward as solar activity increases. Ionospheric storms 
tend to reduce the F, layer critical frequencies so that a southward movement of 
the storm zone will be observed over the solar cycle as a band of high sensitivity 
at the inner edge of the zone and of low sensitivity at its outer edge. This pheno- 
menon may thus be taken as supporting evidence for such a southward movement 
of the auroral zone with rising solar activity. 

The contours of zero intercept, a, are of interest in that they display the 
importance of geographical factors in determining the distribution of ionization 
in the arctic. 

In the summer the distribution of critical frequency at zero sunspot number 
is relatively simple. At this period the polar contours oscillate between the 
conditions shown in Fig. 4 and 5 for 0500 and 1700 hours G.M.T. in June. The 
main feature of these charts is the dawn trough of ionization extending up to the 
pole. This is sharp and narrow near 1400 to 1700 hours G.M.T. when the sun is 
over the western hemisphere. At this time the trough extends northward from 
the Pacific ocean across Alaska. However twelve hours later when the trough 
might be expected to extend northward across Europe through Scandinavia, it 
has widened out and almost disappeared. 
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Fig. 6. Contours of foF, for 0500 hours GMT in January at zero sunspot number. Frequencies 
are in megacycles. 
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Fig. 7. Contours of foF, for 1700 hours GMT in January at zero sunspot number. Frequencies 
are in megacycles. 
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The winter contours of zero intercept are more complicated. Examples are 
shown in Figs. 6 and 7 for 0500 hours and 1700 hours in January. At this period 
the distribution of ionization may be described as follows: 

(a) a daytime maximum moves with the sun, near noon and latitude 55°, 

(b) the ionization is relatively high near the geographic pole, 

(c) at night, relatively fixed geographical regions of high and low critical 
frequencies are uncovered. A geographical high exists near latitude 55°-60° and 
longitude 60°-90° and another near latitude 70°-80° and longitude 240°-270°. 
These are near the geomagnetic meridian on the auroral zone. Separating these 
“highs” is a dumbell shaped region of low critical frequency extending on the 
great circle through the geomagnetic pole from British Columbia and Alaska to 
Scandinavia and Scotland. The Pacific end of this “low” is apparently more 
pronounced than the Atlantic end. 

In this short note only a few typical examples of the distribution of foF, in 
the arctic can be shown. However the conclusions reached are supported by 
charts of the geographical deviation of foF, from the average, taken over all 
longitudes, which are soon to be published. 
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ABSTRACT 

The time variations of the soft component stopped in 10 em Pb and the meson intensity under 10 em Pb 
at sea level have been investigated simultaneously. The intensity of the soft component is primarily 
a function of barometric pressure but there is in addition a small negative atmospheric temperature 
effect. The seasonal variation of the soft component has a smaller amplitude than that for the mesons 
and this shown to be consistent with the observed temperature coefficients. On the other hand the 
diurnal variation for the soft component has about twice the amplitude of that for the mesons and this 
difference is discussed in relation to the diurnal variation in atmospheric temperature. 


1. INTRODUCTION 


During 1951 and 1952 an investigation of the time variations of the soft component 
of the cosmic ray flux at sea level has been carried out in Manchester. the soft 
component being defined here as that part of the radiation which is stopped in 
10cm lead. The measurements were made by using two similar counter arrays 
one containing no absorber and the other 
containing 10cm lead. The array with 
no absorber measured the total flux whilst 
that with the lead measured the intensity 
of the hard (meson) compound and the 
difference obtained by substracting the 
rates gave a measure of the soft component 
intensity. Using this arrangement the day 
to day variations due to atmospheric 3 
temperature and pressure changes to- 
gether with the seasonal and diurnal 8888809980 
variations have been investigated simul- Fig. 1. Counter arrangement used for simul- 
taneous measurements of the total ionizing cosmic 
taneously for the soft component and for ray intensity and the hard component penetrating 
the meson intensity. 10 cm lead. 











IOCM LEAD. 














2. EXPERIMENTAL ARRANGEMENT 


The counter arrangement used is shown diagramatically in Fig. 1. Three counter 
trays with dimensions 40cm x 40cm were placed vertically above each other 
the separation between each tray being 25cm. The lead absorber was placed 
between the lower two trays and twofold coincidences were recorded between the 
top two trays (c,,) and between the lower two trays (c.3). The coincidences ¢;, 
therefore measured the total intensity and C,, the intensity of the hard component. 
The rates were ~40,000 per hour and ~30,000 per hour respectively giving a soft 
component rate of ~10,000 per hour. During the greater part of the running time 
the arrangement was duplicated so as to give a check on the operation of the 


equipment. 
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3. Day To Day VARIATIONS IN THE INTENSITY 
As a preliminary step in the analysis of the data two groups were selected each 
consisting of 30 days and, following DuPERtER (1949), partial correlation coefficients 
between the intensity and atmospheric pressure (rcp 4) and between the intensity 
and the height of several selected pressure levels (r¢q.3) were computed for the 
total intensity and for the hard and soft components. The results are shown in 
Table 1. 


Table 1. Correlation coefficients for different selected atmospheric pressure levels. 





Pressure level 400 mb 300 mb 200 mb 100 mb 





Total —0-53 —0-60 —0-49 
TCH.B Hard — 0-64 — 0-69 —0-58 
Soft +0-01 — 0-06 —0-01 
Group 1 
Total —0-95 - —0-95 —0-96 
TCB.H Hard —0-89 —0-90 —0-95 
Soft —0-97 s —0-97 —0-98 


Total —0-53 —0-58 —0-51 
Hard —0-64 — 0-67 —0-59 
Soft —0-07 —0-14 —0-13 


Total —0-76 —0-86 —0-93 
Hard —0-58 —0-76 —0-89 
Soft —0-86 —0-90 —0:°95 




















There are three points which are worthy of note. 

1. None of the individual values of roy » for the soft component can be regarded 
as statistically significant. Furthermore when the analysis was extended to 
include the 900, 800 and 600 mb layers no significant correlation could be detected 
with these layers either. 

2. The values of rcpz yq for both the total and hard components increase up to 
the highest pressure level considered. 

3. The values of roy , for the total and hard components increase with height 
of pressure level selected up to 200 mb and then appear to decrease again at 100 mb. 

It follows from (1) that the intensity of the soft component can at most be 
only slightly dependent on atmospheric temperature which controls the heights 
of the various pressure levels. Results (2) and (3) are in agreement with the 
findings of DuPERIER (1949) for the meson intensity under 25 cm lead and he has 
interpreted the fall off in roy, from 200 mb to 100 mb as being due to the effect 
of atmospheric temperature in this region on the competing processes of decay 
and nuclear interaction for the 7 mesons. 

In view of these preliminary results partial correlations were next carried out 
for 8 groups each comprising data for 30 days using the barometric pressure (8B), 
height of the 100 mb layer (H) and temperature at 100 mb (7’) as the appropriate 
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meteorological variables. The mean values obtained for the regression coefficients 
are shown in Table 2, the errors quoted are standard deviations estimated from 
the scatter of individual values for each group. DuPERIER’s values for the hard 
component under 25 cm lead are shown for comparison. 


Table 2. Absorption coefficients (Bop ut), Decay coefficients (Boy .»r) and Temperature 
coefficients (Bot BH) deduced from the day to day variations in the intensities. 





BcB.HT % peremHg | Bcu.BT % per km BcT.BH % per °C 





Total intensity ‘ —2-49 + 0-18 —3-02 + 0-49 +0:054 + 0-011 
Soft component F —4-70 + 0-23 —1:-05 + 0-43 +0:021 + 0-020 
Hard component under 

10cm Pb p —1-67 + 0-16 —4-00 + 0-43 +0-056 + 0-018 


Hard component under 
25 cm Pb : —1-05 + 0-16 —3-90 + 1-10 +0-123 + 0-024 

















It will be seen that the absorption coefficient (8, qr) for the intensity under 
10 cm lead is larger than that obtained by DuPERIER using 25 cm lead as would 
be expected. The decay coefficients (8.4 y7) also appear to be consistent but the 
temperature coefficient (Ser __) obtained here is about half that found by 
DureriER. It is evident that the intensity of the soft component is primarily 
controlled by barometric pressure although there appears to be an indication of 
a small decay effect of —1-05 per cent per km and a small positive temperature 


effect of up to 0-04 per cent per °C cannot be 
excluded. The presence of a small decay effect is to 
be expected for two reasons. In the first place ~10 
per cent of the radiation stopped in 10 cm lead 
consists of slow ~ mesons with momenta less than 
200 MeV/c and secondly part of the soft component 
must arise from knock-on and decay electrons 
produced by the temperature dependent “ meson 
component. 





4. THE SEASONAL VARIATION 


In order to investigate the seasonal variation, 
monthly mean values of the intensities were formed 
and corrected for variations in barometric pressure 
using the appropriate absorption coefficients given 
in the previous section. The corrected values of the ,. , rae 
P : Fig. 2. The season variation for the 
total intensity and the hard and soft components total ionizing cosmic ray intensity, 
; : : the hard and soft components and the 
are shown plotted in Fig. 2 together with a plot of hele a ties 100-2 gentanie bowl. 
the monthly mean height of the 100 mb layer. This 
latter curve has been inverted in order to bring out clearly the relation between it 
and the cosmic ray intensity. It will be seen that in each case the cosmic rays have 
maximum intensity in winter and minimum intensity in summer. The variation 
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for the meson intensity has an amplitude which is about 2-5 times that for the 
soft component. 

These results are in qualitative agreement with the generally accepted view that 
the seasonal variation of the meson intensity is largely due to variations in atmos- 
pheric temperature which control the height of the atmospheric layer in which the 
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Fig. 3. Solar daily variation for the total ionizing cosmic ray intensity. 


u-mesons are formed. It has been shown in the previous section that the soft 
component is much less affected by the height of the 100 mb layer than is the 
meson component and consequently it would be expected that the seasonal 
variation in the intensity of the soft component should be correspondingly smaller 
as indeed it is. 

The monthly values of the hard and soft component intensities have been 
corrected using the absorption and decay coefficients given in the previous section. 
The corrected values show a barely significant residual variation of amplitude 
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Fig. 4. Solar daily variation for the hard component penetrating 10 cm lead. 


(0-40 + 0-16) per cent with maximum intensity in January in each case. The 
day to day correlations have shown that there appears to be an appreciable upper 
air positive temperature effect and it was therefore to be expected that the residual 
variation would have a maximum in summer, when the temperatures in the upper 
atmosphere are highest. There appears to be a discrepancy here but in view of 
the uncertainties in absorption and decay coefficients it is of doubtful significance. 
There is also the possibility that a small annual variation may be present due to 
geomagnetic activity or other unknown causes (FORBUSH 1938, 1939). 
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5. Tue Sovar DarIty VARIATION 


The diurnal variation has been computed for the total intensity and for the hard 
and soft components over a period of 20 months from May 1950 to December 
1951. During the period when two independent sets were in operation the diurnal 
variations as measured by the two recorders showed good agreement and the two 
sets of data for this period were combined. The final results are shown in Figs. 
3, 4 and 5 where curves have been fitted by means of Fourier analysis. The 
24-hour waves for the hard and soft intensity are shown plotted on a harmonic 
dial in Fig. 6 after correcting for barometric pressure using the appropriate 
absorption coefficients. The error circles represent standard deviations estimated 
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Fig. 5. Solar daily variation of the soft component 
of the cosmic rays stopped in 10 em lead. 





Fig. 6. Harmonie dial showing 24 hr 
waves for the hard and soft components 
after correcting for barometric pressure. 


from the scatter of the harmonic coefficients when the data were subdivided into 
30 independent groups. 

The phases of the 24-hour waves for the two components are very nearly the 
same but the amplitude for the soft component is appreciably greater than that 
for the hard. The reason for this difference in amplitude of the variation for the 
two components is not clear but it is of interest to note that it could be explained 
in terms of a diurnal variation in the height of the 100 mb pressure layer. Meteoro- 
logical Office radio sonde observations appear to show the existence of such a 
variation but there is considerable doubt as to whether this is a radiation error in 
the instruments or a genuine variation in air temperature (Kay, 1951). If the 
radio sonde observations are correct the diurnal variation in the height of this 
layer has an amplitude of ~45 m, the maximum height occurring near noon. 

Because of u-meson decay this variation in the height of the 100 mb layer 
would reduce the amplitude of the observed diurnal variation of the mesons and 
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also, to a less extent, that of the soft component, If the daily variations for the 
mesons and the soft component are corrected for the height of the 100 mb layer 
using the decay coefficients of 4 per cent per km and 1 per cent per km the ampli- 
tudes become 0-33 per cent and 0-40 per cent respectively. The times of maximum 
in each case are near noon and the difference in amplitudes is no longer significant. 

According to the radio sonde data the diurnal variation in the height of the 
100 mb pressure level is about twice as great in summer as in winter and if the 
variation is real this difference should be detectable given sufficiently accurate 
measurements of the soft component daily variation. The amplitude of the 
variation in summer is ~55 m compared with ~26 m in winter and consequently 
the difference between the amplitudes of the daily variation of the soft and hard 
components should be 0-16 per cent in summer and 0-08 per cent in winter. The 
present data are not inconsistent with these figures but because of the rather large 
statistical errors it is not possible to say with any certainty whether this inter- 
pretation of the difference in the diurnal variation for the two components is the 


correct one. 


6. CONCLUSIONS 


The meson intensity under 10cm lead shows a positive correlation with the 
temperature of the 100mb layer which is in qualitative agreement with 
DUPERIER’S (1949) results under 25cm lead but the temperature coefficient 
(+ 0-056 per cent per °C) is smaller than his value of + 0-123 per cent per °C. 
The intensity of the soft component is primarily a function of barometric 
pressure but there is also a small negative atmospheric temperature effect which 


is to be expected since the soft component is at least in part secondary to the 
temperature dependent u-meson component and in addition some 10 per cent 
of the soft component stopped in 10 cm lead consists of slow “-mesons. 

The seasonal variation for the soft component is smaller than that for the 
mesons and this result can be explained in terms of the different negative tempera- 
ture coefficients for the two components. 

The diurnal variation is appreciably larger for the soft component than for the 
mesons and it is possible that this difference may be due to a diurnal variation in 
the height of the 100 mb pressure level. 
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ABSTRACT 
A statistical examination is made, in relation to ionospheric storm production and duration, of the 
effects of sunspots, M-regions and solar flares on the critical frequency (f,F,) and height of maximum 
ionisation (hm) of the F,-layer of the ionosphere and of the absorption (A) in the lower layers. An 
ionospheric storm day is defined as one in which the mean change in any of these parameters is such as 
to cause a 10% decrease in the mean maximum usable frequency (M.U.F.) or a 10% increase in the 
lowest usable high frequency (L.U.F.) for radio transmission from the value expected for quiet conditions 
at the place and time of observation. 

The changes in the probability of any day following a solar event being a storm day are analysed 
using ionospheric data measured at the Radio Research Station, Slough, during the years 1941-1949. 

It is concluded that, except for storms associated with M-regions at sunspot minimum, the probability 
that a given day will be a storm day, assessed on changes in f,/’,, does not exceed 0-5 for the first day 
of a storm but may reach 0-7 on subsequent days. The probability falls below 0-26 four days after an 
intense Dellinger fade, immediately after a weak Dellinger fade and during the passage of a sunspot in 
solstice months. 

‘The change in the probability of a storm occurring during the j;»9ssage of a sunspot is inconsistent 
with a simple theory of particle emission normal to the sun’s surface and is dependent on the season and 


the solar hemisphere in which the spot appears. 


1. INTRODUCTION 


It has been known for many years that there are upper and lower limits to the 
frequency which can be used for long-distance radio communication between a 
given transmitter and receiver. These limits are functions of the geographical 
position of the terminal stations, the time of day, the season, and the state of the 


sunspot cycle. 
If the frequency is raised above the upper limit (Maximum Usable Frequency 


or M.U.F.) the ionosphere is incapable of reflecting the waves and they pass into 
outer space. On the other hand, if it is reduced below the lower limit (Lowest 
Useful High Frequency or L.U.F.) the signal is so attenuated that it is indis- 
tinguishable from the local noise at the receiver. 

The laws governing the dependence of these limiting frequencies upon their 
controlling parameters are known with reasonable accuracy, but there are periods 
(which may be as short as a few hours or as long as several days) during which 
either the M.U.F., or the L.U.F., or both, are very different from the values they 
normally assume. The abnormalities occurring during such periods are known as 
“Tonospheric Disturbances.” 

For the purposes of this paper the term “ionospheric storm’”’ will be applied to 
an abnormality in the height and the ionisation density of the F, layer. 

Ionospheric storms are known to be closely connected with magnetic dis- 
turbances (or storms) a theory explaining the origin of which has been developed 
by CHapMAN and FERRARO (1931a, 1931b, 1932, 1933). Briefly, this theory 
postulates that such disturbances result from the interaction between the 
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ionosphere and a stream of charged particles emanating from the sun. We shall 
assume that ionospheric and magnetic storms are different manifestations of the 
same phenomenon. 

Two types of corpuscular emission have been recognised, namely, an impulsive 
type resulting from solar eruptions which are themselves invariably associated 
with large sunspot groups, and a steady type, the source of which is not clearly 
understood although BarTELs (1932) has postulated the existence of especially 
active areas on the sun, called M-regions, from which this steady type is assumed 
to come. Magnetic storms associated with the former type are usually large 
storms with sudden commencements and are non-recurrent, whilst those associated 
with the latter are usually small, slow-starting, and recur with a period of 27 days, 
i.e. the relative rotational period of the sun. 

Many papers have been published of a qualitative and quasi-quantitative 
nature on the dependence of magnetic storms on the state of the sun, but few 
give precise probabilities of the occurrence of a magnetic storm for a given set of 
solar conditions. Assuming magnetic and ionospheric storms to be concurrent, 
these results were used in attempts to forecast the latter but the accuracy of these 
forecasts was not high and the present analysis was instituted in an effort to 


improve it. 
2. Basis OF THE ANALYSIS 


Difficulty in the interpretation of commercial radio transmission data makes it 
advisable to investigate first the effects of solar phenomena (sunspot groups, 
solar flares, M-regions, etc.) on the physical state of the ionosphere, and later to 
deduce the effect of the ionospheric changes on long distance propagation conditions. 
This analysis, which is an attempt to solve the first part of the problem, is directed 
at determining the probability that a day will be a storm day for a given set of 
solar conditions. 

Three factors can affect the limiting frequencies for use in a given long distance 
point-to-point transmission, namely, the maximum ionization density in the F, 
layer, the height of that layer and the absorption in the lower layers. These factors 
have been studied separately and storms arising from variations in them have been 
designated f-storms, /-storms and A-storms, respectively. In each case a day is 
considered to be a storm day if the mean departure of the parameter from the 
quiet day value is such as woulce cause a 10% fall in mean M.U.F. or 10% rise in 
L.U.F. 

At first sight it might appear that this value of 10% conflicts with the 15% 
margin of safety used in calculating the Optimum Traffic Frequency (F.O.T.). 
It must, however, be borne in mind that the 15°% margin is intended to include the 
maximum hourly amounts by which the M.U.F. can normally differ from its 
fozecast monthly mean value. It thus includes not only the day-to-day variation 
but also the seasonal variation and a cyclic variation of approximately 27-day 
period which has not previously been noted. Furthermore the 10% storm threshold 
is a mean value for the day and will, in general, include some individual deviations 
of far greater magnitude. 
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Statistically, with any day D we can associate the following four numbers: 


r, where D-r is the day on which a spot group (if one be on the disk) crosses 
the sun’s central meridian. 

r’, where day D-,r’ is the day on which a large flare (if any) occurred. 

S, where days D-1, D-2,--- D-S are storm days but day D-S + 1 is not. 

t, where days D-27, D-54, - - - D-27t, are storm days but day D-27(t + 1) 
is not. 


For any particular set of values of r, r’, S, and ¢, the proportion of storm days 
among all the days which have this set of values could be found. This could then 
be repeated for all possible sets of values of r, r’, S, and t, and the proportions, 
after any requisite smoothing had been effected, would be the required probabilities. 

To be of significance, however, such an analysis would require several centuries 
of data, and until such quantities of data are available it is only possible to deter- 
mine the variations of the probability with r, r’, S, and t separately. If a combined 
probability is required, then it is necessary to make some arbitrary assumptions. 

The actual periods covered by the analysis of the effects of individual factors 
are as follows: 


Effects on f-storms of 


(a) M-Regions: 15th May 1941 to 31st December 1948 
(b) Sunspot groups: Ist February 1941 to 31st December 1949 
(c) Dellinger fades: lst January 1946 to 3lst December 1948 


Investigation of duration of f-storms: 15th May 1941 to 3lst December 1948 
Effects on F-storms: 11th September 1944 to 27th November 1948 
Effects on A-storms: Ist January 1944 to 3lst December 1948 











RINGED VALUES ARE THOSE OBTAINED ON DAYS FOR WHICH THE 
INTERNATIONAL MAGNETIC CHARACTER FIGURE (C) EXCEEDED 0:7 
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Fig. 1. Critical frequency sums, April 25th to July 25th 1942, showing the cyclic variation 
superimposed on the seasonal variation. 
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3. CriTicAL FREQUENCY ANALYSIS 


The sum of the hourly values of the F,-layer critical frequency (f)F,) as measured 
at Slough was called the frequency sum for the day; where possible, missing values 
were obtained by interpolation, the number of permissable interpolations being 
dependent upon the times at which they occurred. These daily sums were plotted 
from Ist February 1941 to 3lst December 1948 for all days for which the inter- 
national magnetic character figure, C, was <0-7, i.e. the days for which there 
was strong evidence for their being quiet. 
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(May 1941-—December 1944) 
Fig. 2. Diagram to show possible recurrence tendencies in f-index. 


From the resulting graphs it was immediately obvious that superimposed 
upon the normal seasonal variation was a second, cyclic variation of period between 
24 and 30 days with a mean period of about 27 days (Fig. 1) and in the absence of 
any theory to explain this variation, its effect was removed by drawing a smooth 
curve through the points. The value given by this curve was taken as the ‘‘normal” 
value for the day. Any day for which the frequency sum was more than 10% 
below normal was called a storm day. 

Days for which it was not permissible to interpolate missing values were 
examined by three observers separately and placed into one of two categories, 
according as it was reasonable or not to assume that, had the missing values been 
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present, the sum would have been more than 10% below normal. Cases of dis- 
agreement were settled by discussion. 
It was found that, of the total of 2891 days examined, 754 were storm days 
and thus the probability that any day chosen at random from the whole period 
754 
ill be a st day is - = 0-26. 
will be a storm day is 537; 
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IF INSUFFICIENT VALUES TO OBTAIN INDEX: — 

REASONABLE TO ASSUME STORM IN PROGRESS 

NOT REASONABLE TO ASSUME STORM IN PROGRESS 
(January 1945-December 1948) 


Fig. 2. Diagram to show possible recurrence tendencies in f-index. 


3.1. Relationship with M-regions 


As M-regions are not visible, their existence can only be recognised by using a 
recurrence diagram of the type described by BarTELs (1932). Such a diagram for 
f-storms (Fig. 2) has been analysed in terms of “runs.” A “run” of 7 cycles is 
defined as a series of i storm-days, at 27-day intervals, the days 27 days before the 


305 





D. W. G. CHappett, L. B. HarnswortH and I. M. Moorat 


first, and 27 days after the last being quiet. Such a run would be indicated by 1 
consecutive black filled symbols in a vertical column of the diagram. 

The distribution of S,;, the number of runs of i cycles, assuming that the state 
of the ionosphere on any day is independent of its state on any other day, may 
be obtained by the methods of Moon (1940) and the distribution calculated in this 
manner is compared with the observed distribution in Fig. 3. The probability 
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Fig. 3. Significance of 27-day recurrence. 


of occurrence by chance of the distributions represented by the points lying outside 
the outer curves in this figure is 5% or less. It will be seen that, during the sunspot 
minimum period (Fig. 3b), runs of long duration occur more frequently than 
expected on considerations of chance. During the remainder of the period under 
investigation (Fig. 3c) only the numbers of runs of 1 and 4 cycles are unlikely to 
have occurred by chance. Most of these 4-cycle runs come in a short four and a 
half month period in 1947 and if this period is excluded (Fig. 3d) all the points are 
within the significance limits. The residual difference between the expected and 
actual values of S, can probably be accounted for by the fact that the fundamental 
premise of no daily recurrence tendency is not true; a pair of storms on days 
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D and D + 27 will tend to give rise to a second pair on days D + 1 and D + 28. 
Thus the result, well known on qualitative grounds, that the recurrence tendency 
is strong in sunspot minimum years but weak at other times, is confirmed. 

If P, is the probability that a day will be a storm day when the corresponding 
days in the previous i and i only cycles are storm days, and if n, is the total number 
of such days in the period under analysis then 
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Fig. 4a. Variation of probability of f-storm Fig. 4b. Variation of probability of f-storm 
day with number of preceding f-storm cycles day with number of preceding f-storm cycles 
(during sunspot minimum period). (during sunspot maximum period). 


P,, is shown as a function of 7 for the sunspot minimum period in Fig. 4a and 
for sunspot maximum in Fig. 4b from which figures it will be noted that in the 
sunspot minimum period P, seems to increase with i to a value of between 0-6 
and 0-7, whereas during the sunspot maximum period the probability does not 
exceed 0-38. 


3.2. Relationship with sunspot groups 


In examining the effect of sunspot groups it was discovered at an early stage in the 
analysis that it would be necessary to divide up the data to take seasonal variations 
into account. Since this seriously reduces the significance of results apparent in 
any one section, the analysis of f-storms in relation to sunspots was extended to 
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include the period Ist January to 3lst December 1949 during which there were 
90 storm days. 

If the stream of particles, from which storms associated with large sunspot 
groups result, is ejected in a direction approximately normal to the surface of the 
sun, it would be expected that the probability of a storm day would rise as the spot 
crosses the solar disk, to reach a maximum some time after the spot group has 

OS |. SPOTS WITH CMP BETWEEN I FEB 1941-31 DEC 1949 passed the central meridian. The 
ees ee period of time between the C.M.P. 


0.4 « ALL SPOTS EXCEPT THOSE WITH CMP BETWEEN . 
- ee ee of the group and the peak in the 


(a) Pe a SASS h, : 
02 Pree ee | ee probability curve would then be a 
ob measure of the velocity of the 
° particles. 
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Fig. 5a, b, ec, d. 
f-storm day with distance of spot from C.M.P. 


Accordingly the proportion of storm days amongst all those that fell 7 days after 
the C.M.P. of a sunspot group of area greater than 500 units (500 millionths of the 
visible area of the sun’s disk) was then found for —11 <i < +14 for the period 
Ist February 1941 to 3lst December 1949. A similar calculation was also made for 
all spots with the exception of those whose date of C.M.P. lay between 4th August 
and 26th October 1947 inclusive and both sets of results are shown in Fig. 5a. 
Eleven sunspot groups passed the central meridian during this period in 1947 and 
the reason for excluding them was that there were recurrences at 27 day intervals 
of long series of consecutive storm days (vide 2.1.2 above) and it appeared reason- 
able to assume that these storms had little or no connection with the sunspots 
present during that time. Inclusion of these spot groups therefore would merely 
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tend to obscure any relation which might exist between sunspot position and 
f-storm days. This is borne out in the figures. 

It will be seen from the diagram that there is little change in the probability 
of a storm occurring when a sunspot is on the visible disk. 

Since no marked effect was apparent when all sunspots which occurred during 
the period under examination were considered together, and since it is known that 
ionospheric conditions are generally more stable during the solstice periods 
(November, December, January; May, June, and July) than the equinox periods 
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it was decided to divide spot groups in two classes according to the season in 
which they occurred. For each group the probability curve was calculated in the 
same manner as for the whole, with the results shown in Figs. 5b, c and d. 

These curves show considerable differences and so further sub-classifications 
were investigated as follows: 


(i) Spots occurring during the Winter Solstice (Fig. 5e). 

(ii) Spots occurring during the Summer Solstice (Fig. 5f). 

(iii) Spots which occurred in the Northern Hemisphere of the sun during the 
Vernal Equinox plus those which were present in the Southern Hemisphere 
during the Autumnal Equinox, i.e. in the solar hemisphere inclined away from 
the earth (Fig. 5g). 

(iv) Spots which occurred in the Southern Hemisphere of the sun during the 
Vernal Equinox plus those which were present in the Northern Hemisphere 
during the Autumnal Equinox, i.e. in the solar hemisphere inclined towards the 
earth (Fig. 5h). 
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In Figs. 5(a—h) the following striking features are noticeable: 


(a) During the passage of a spot in a solstice period the mean probability that 
a storm will occur is less than for equinox periods. 

(b) There is a marked difference between the effect on the F,-region at Slough 
of a spot occurring during the Summer Solstice and one occurring during the 
Winter Solstice. 

(c) The effect of spots present during the equinox periods is greatest when they 
occur on the hemisphere inclined towards the Earth. 
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Fig. 6. Variation of probability of a f-storm day 
with days after Dellinger-type fade of given class. 


The change in probability of storm production with position of a sunspot 
group is, in all cases, not consistent with a simple theory of particle emission 
normal to the sun’s surface. 


3.3. Relationship with flares 


NEWTON (1943, 1944) has shown that, after a Class 3+ (giant) flare in the central 
zone of the sun, the probability that a magnetic storm will follow within two days 
is 0-7, but for Class 3+ flares elsewhere, and smaller flares anywhere, the proba- 
bilities are not very large. Unfortunately a 24-hour watch on the sun is impossible 
for climatic and other reasons, so the number of identified 3+ flares during the 
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period under analysis has been insufficient to give values of the probability of the 
occurrence of an ionospheric storm day. 

There is, however, an almost 1 : 1 relationship between flares of any magnitude 
and certain radio phenomena such as Dellinger-type fades, long-wave sudden 
phase-anomalies, and outbursts of radio noise. Of these effects, only the first has 
been recorded over any appreciable period so fades alone have been considered 
in this analysis. The analysis should be extended to cover the other two effects 
when sufficient data are available. 

From the fades reported by Cable and Wireless Ltd., “Moderate weakenings”’ 
were removed and the rest were divided into two classes, A and B, corresponding 
to those whose effects were widespread and local respectively. For each class, the 
proportion of f-storm days to all days which Ost 
fell 1 days after the incidence of a fade is + 
plotted as a function of i(—1 <i < 5) in 07 2 
Figs. 6a and b. P 
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Although the rise in probability of a storm day following an A-class fade is 
undoubted, the fall associated with B-class fades is small. If these effects are real, 
then one would expect that the most intense fades in Class A and the least intense 
fades in Class B would show these effects more strongly. Thus similar curves for 
Class ‘‘a’’ fades (Class A fades which caused a “‘black-out’’ over the area affected) 
and Class “‘b”’ fades (Class B fades which did not cause a “‘black-out’’ anywhere) 
have been drawn in Figs. 6c and d, and the effects are somewhat more marked. 
This would suggest that localised Dellinger-type fades tend to have a steadying 
effect on the ionosphere but more data are required before this can be firmly 


established. 


3.4. Duration of a storm 
The method of runs was again used to determine the probability (P;) that a day 
D would be a storm day when days D-1, D-2, - - - D-i were storm days whilst 


day D-i + 1 was quiet. The results are shown in Fig. 7a. 
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To determine if there was any seasonal or sunspot cycle effect the data were 
divided appropriately and analyzed separately with the result shown in Fig. 7b. 
Because of the smaller numbers involved it would be expected that the results 
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Fig. 8. Diagram to show possible recurrence tendencies in f-index. 


would be more variable. Bearing this in mind it seems possible that P, increases 
more rapidly with 7 to a maximum of the order of 0-7 during solstice months and 


sunspot minimum years. 


4. M.U.F. Factor ANALYSIS 


APPLETON and Beynon (1940, 1947) have shown that the M.U.F. factor for long- 
distance circuits is, for all practical purposes, controlled by the height of the 
maximum ionisation density (hm) in the F, layer. Any attempt to analyse 
variations of hm in a similar manner to that adopted for critical frequencies must 
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fail because of the high proportion of cases where no value of hm can be obtained 
from the h’ — f curves. Apart from those cases in which no F, layer echoes are 
observed during storms, the usual reason for a missing value of hm is the tur- 
bulence which is frequently present in the layer during a storm but which is 
neither a necessary nor a sufficient condition for a storm. In view of this the follow- 
ing procedure was adopted to select storm days: 

The noon and midnight values of hm obtained at Slough were examined and 
placed into one of two categories, D or Q, implying disturbed or quiet respectively. 
A value was assigned to D if (a) it would have resulted in a value of the M.U.F. 
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Fig. 9. Variation of probability of f-storm 
day with number of preceding f-storm cycles. 


factor for 3000 km transmission (M3000)F2, 10° below normal, or (b) there was 
no value recorded, but the Abinger magnetic K-index for either the three-hour 
period immediately preceding or immediately following was greater than 3. 

Thus three hours (00, 12 and 24) of each day were catalogued. If a day had 
two or three D’s it was considered an F-storm day; if it had only one, further hours 
were examined before the day was classified. 

The F-storm days were analysed in a manner similar to f-storm days with the 
results shown in Figs. 8-11, a glance at which shows that they were inconclusive. 
This is probably due to the fact that the criterion chosen was not a good index 
of storminess, but, even assuming that hm has some significance when the iono- 
sphere is turbulent, it seems unlikely that any improvement in the analysis can 
be made until a higher proportion of reliable values of hm is available. 

The only other ionospheric parameter which could be used as a measure of 
M.U.F. factor is the minimum virtual height of the F, layer (h’ F,) but, before this 
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quantity can have any significance, allowance must be made for group retardation 
in the F'1 layer, if that layer be present, and the amount of labour involved in so 
doing would be prohibitive. 
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Fig. 10a. Variation of probability of a f-storm day 
with distance of spot from C.M.P. (solstice period). 
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Fig. 10b. Variation of probability of a f-storm day 
with distance of spot from C.M.P. (equinox period). 





5. ABSORPTION ANALYSIS 
APPLETON (1937) and APPLETON and PiacotT (1949) have shown that for a 
given frequency (f) the effective reflection coefficient of the ionosphere (p) is 


controlled by a law of the form 
A cos"7 


v 


—log.p = (f+ fy)® sec 7 
where 7 is the solar zenith distance, 

f, is the gyro-frequency, 

i is the angle of incidence on the absorbing region, 

n is a constant of the order of 3/2. 

A is the absorption index for an effective frequency of 1 Mc/s. 
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Thus, if we ignore the effect of the gyro-frequency, the L.U.F. (f,) for a given 
point-to-point transmission and A are approximately connected by the relation 
So? A 


Thus a 10% change in L.U.F. is caused by a change of the order of 20% in A. 
The values of A as measured each day at noon at Slough were treated in exactly 
the same way as the critical frequency sums, except that a 20% threshold was used. 
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Fig. 11. Variation of probability of f-storm 
day with number of preceding f-storm days. 





In view of the fact that a large number of values are missing, and that there was 
only one value per day, it would not be expected that any very definite results 
would be obtained and examination of Figs. 12 and 13 shows this to be the case. 


6. Discuss1Ion oF MaAIn RESULTS 


Because the M.U.F. factor and absorption analyses led to no positive results only 
the critical frequency analysis will be considered here. 
Several results that have not been noted before have been discovered and these 


may be divided into two main groups. 


Group 1—Effects observed in the relationship between flares giving rise to Dellinger- 
type fades and f-storms 


In examining this group it is noticed that the probability of a storm day falls 
(a) four days following the occurrence of an intense, widespread, Dellinger-type 
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fade, and (b) following a local Dellinger-type fade. The latter effect may be 
fortuitous but, if real, it could be explained by assuming that there is a threshold 
value for the density of the bombarding particles, below which they exert a 
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Fig. 12. Diagram to show possible recurrence tendencies in a-index. 


steadying influence and above which they cause a storm. The former effect is more 
likely to be a function of the time of recovery of the ionosphere to a normal state 
following a sudden disturbance and the position of flares giving rise to disturbances 
but, at the same time, it could indicate an increase in stability subsequent to a 
period of disturbance. 
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The increase in probability of a storm occurring one day after the incidence 
of an A- or a-type fade (Figs. 6a and 6c) is well known and is explained on the 
assumption that the storm-producing corpuscular radiation from a solar flare 
takes about 24 hours longer to reach the ionosphere than the ultra-violet radiation 
which produces the fade. 
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Fig. 13. Variation of probability of an a-storm 
day with distance of spot from central meridian. 


Group 2—Effects observed in the relationship between storms and the occurrence 
of sunspots 

(a) When a spot group crosses the solar disk during the solstice period: 

(i) There is a fall in the probability that a storm will occur. 
(ii) This fall occurs in two well-defined phases or cycles; from —5 to 0 

and from +8 to +12 days from C.M.P. 

(iii) The general drop in probability is much greater in the winter solstice 
period (November, December, January) than in the summer solstice. 

(iv) The cyclic variation of the probability is more marked during the 
summer solstice than the winter solstice. 

(b) At equinox periods during the passage of a spot group situated in that 
hemisphere of the sun tilted away from the earth, the probability of a storm day 
does not vary significantly from its mean value of 0-29. 

(c) At equinox periods during the passage of a spot group situated in that 
hemisphere of the sun inclined towards the earth, the probability of a storm day 
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shows three peaks of activity coupled with a general increase during the time that 
the spot is on the disk. The three peaks occur in the periods 


—6 to —5 days, 
—2 to +2 days, 
+7 to +9 days 
from C.M.P., and the probability drops considerably at points between these peaks. 


There is also a marked and consistent drop in the probability from +10 to +14 
days from C.M.P. of these spots. 


6.1. Consideration of results in group 2 


In considering these results it cannot be sufficiently emphasised that the data 
available are extremely limited. In spite of this, however, it is thought that in 
view of the consistency of the results there is a possibility that these effects are not 
due to random variations and, assuming them to be real, then the following points 
are of interest: 

(a) There is an apparent relationship in Group 2c between sunspots and iono- 
spheric activity. 

(b) There is no such apparent relationship in Group 2b. 

(c) In Group 2c only, a sharp increase in activity occurs one to two days after 
a spot has appeared on the East Limb of the sun. 

(d) In Group 2a there is also an increase in activity, although not to such a 
great extent, on the day that a spot appears on the limb or one day afterwards. 

(e) In Group 2b there is no increase in activity associated with the appearance 
of a spot but rather the reverse. 

The deductions which might be drawn from such results would then be: 

(i) The storm-producing agent is corpuscular in nature. 

(ii) One direction of such corpuscular emission could be approximately normal 
to the surface of the sun. 

(iii) Another direction of emission is tangential to the surface of the sun. 

(iv) The direction of emission in both the tangential and the normal case is 
limited in extent and is in part a function of heliographic latitude. 


6.2. Comparison of groups | and 2 with observations made on magnetic storms 


It is of interest to compare these results with those obtained by NEwron (1949) 
and others for magnetic storms. Whereas Newron has found a real difference in 
behaviour between spots of different sizes, no such effect is noticeable for iono- 
spheric storms. None of NewrTon’s curves show the variations in activity described 
above but no attempt had been made to divide the results according to season 
and position; had that division not been made here the spot results would have 
been indeterminate but would have had a certain measure of agreement with the 
results obtained by NEwtToN for sunspots with an area of between 1000 and 750 
units. The average maximum area of the sunspots examined in this analysis 
is 940 units. 

The difference in the effect of solar activity according to the hemisphere in 
which it appears has not been observed before and seems to be at variance with 
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results obtained by BaRTeE.s (1932) for magnetic disturbances. This effect may 
be fortuitous but could be due to the fact that different parameters have been 
used on the two analyses and this point is being investigated. 

It would not be expected that a very close agreement on the correlation between 
flares indicated by Dellinger-type fades and ionospheric storms would be obtained 
as we have no knowledge of the position of the flares associated with the fades. 
However, the peak occurring one day after the fade for class A fades agrees well 
with NEwrTon’s results for magnetic storms although the peak for ionospheric 
storms would seem rather broader. 


7. CONCLUSION 


The effect of sunspot groups, M-regions and continuity on the probability that a 
given day will be a storm day have been calculated. Except for M-regions during 
the sunspot minimum period, these probabilities do not exceed 0-5 for the first 
day of astorm. It is concluded that only during the sunspot minimum period can 
ionospheric storms be forecast on solar data alone. 
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ABSTRACT 

Observations are described which show that by using the high sensitivity possible at a low-noise receiving 
site, echoes at vertical incidence can be regularly observed by day down to heights of about 60 kilometres 
on 2 Me/s. 

A new method has been developed for determining electron density and collision frequency from 
observations of such echoes. It is based on the distinctive behaviour of the two magneto-ionic compon- 
ents. At a given time the ratio of the two is a function of height alone. This is explained in terms of 
differences in partial reflection coefficients at the place of reflection together with differential absorption 


below. 
The observations show that the part of the ionosphere below the normal E-region consists of two 


distinct parts: 

(a) A region at about 70 kilometres where distinct strata form by day and 

(b) A region of greater electron density at about 90 kilometres which extends up to the normal 
E-region. 
The lower region has maximum ionization at midday and disappears at night but does not show a 
progressive height change; the upper extends downwards to nearly merge with the lower at midday and 
rises at night but does not disappear. It is the one chiefly responsible for medium and short wave 


attenuation. 
1. INTRODUCTION 


The inception of the work to be described was prompted by a deficiency in data 
required for an allied investigation. The authors were recently concerned with 
the determination of the temperature of the lower part of the ionosphere, that 
part in which absorption occurs at a frequency of about 2 Mc/s, by measurement 
of the radiation emitted thermally by it at that frequency [1]. The temperature 
measurements were reasonably satisfactory, but in order to determine the height 
to which they referred, a knowledge of the electron distribution with height was 
required. It was found that this was not known with adequate accuracy. 

The radio methods, to which our knowledge of the electron density distribution 
in the part of the ionosphere below the E-region is mainly due, are: 


(a) Absorption measurements at medium and high frequencies. 
(b) Reflection at very low frequencies, summarized in Ref. [2]. 


Both methods are limited in that (a) measures the total absorption below the 
reflection level and not the contributions from individual portions of the path, 
and (6) employs a wavelength long with respect to the height intervals in which 
substantial changes occur and so is difficult to interpret. 

There are also numerous references in the ionospheric literature to pulse 
reflections from D-region heights on frequencies much greater than the critical 
frequency; but the reported observations are so conflicting that it would seem 
that either many are unreliable or that the phenomena are exceedingly sporadic 
or variable. These observations have been summarized by ELLYETT [3]. 


321 





F. F. GARDNER and J. L. PAwsEy 


It appeared to us that if medium frequency echoes could be regularly obtained 
from below the E-region, these would provide very useful information and, in 
the face of the diversity of the published reports, it was thought that the only 
way to find out about their regularity of occurrence would be by direct experiment. 
Observations were therefore undertaken on a fixed frequency of 2-28 Mc/s, using 
a pulse transmitter kindly provided by Dr. G. H. Munro. The feature of the 
observations was the unusually high sensitivity made possible by the choice of a 
receiving site where the noise level was very low. 

Weak and rapidly fading echoes were immediately found to be returned 
regularly from heights of about 60 kilometres and upwards during the daylight 
hours. There remained the question of whether useful information concerning 
electron densities and other physical characteristics could be derived from obser- 
vations of such echoes. This was found to be possible using a novel method which 
involved measurements of the relative amplitudes of the two magneto-ionic 
components of the reflected waves. 

The observations were exploratory in nature and have not been followed up 
by an extended series. Nevertheless a number of interesting new features of the 
lower ionosphere were discovered. This paper describes the results obtained, 
together with the development of a technique which the authors believe to be a 
more powerful means for investigating the part of the ionosphere below the 
E-region than those previously used. 

A preliminary report of the work was given at the 1952 General Assembly 
of U.R.S.I. 

2. OBSERVATIONAL TECHNIQUES 


The normal pulse echo method was employed with the receiver separated by 20 
or 30 kilometres from the transmitter. The time base was synchronized by the 
ground pulse which was received on a separate system employing a vertical aerial. 
The receiving equipment was battery operated. Some relevant parameters are: 


Transmitter: 
Peak power: 1 kilowatt (roughly) 
Frequency: 2-28 Mc/s 
Pulse length: 30 microseconds 
Aerial: Horizontal 4/2 dipole 


Receiver: 
Noise factor: 1-3 decibels 


Bandwith: 50-60ke/s 
Aerial:—for linear polarization. Horizontal 4/2 (resonant) dipole, centre 


fed, mean height 55 ft. 
—for circular polarization. Two perpendicular dipoles as above, 


centres coincident. 

The receiving sites (two were used at different times) were in the Burragorang 
Valley. a deep mountain valley which is about 40 miles from Sydney and has no 
local electric power (and consequent electric noise). Previous observations [1] 
had shown the noise ievel during the day to be moderately low, effective aerial 
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temperatures of 1000 degrees Kelvin or field strengths of 0-01 microvolt/metre 
r.m.s. in a 50 ke/s frequency band, being common. This field is only a few times 
greater than the minimum value observed on quiet days at more remote country 
sites. The excess is believed due to noise from electrical machinery in Sydney 
transmitted via the ionosphere. The noise level increases greatly towards night 
as the improved propagation brings in distant atmospherics and other noise. 
During the day atmospherics were seldom troublesome. 

Under such conditions during the day the ultimate sensitivity of the equipment 
is very high. For example, a signal-to-noise ratio of unity would be obtained for 
reflection from an infinite plane sheet at a height of 70 kilometres if its voltage 
reflection coefficient were 10~® (power coefficient 10~1*). 

For the initial observations a class A (range-amplitude) display was observed 
visually. The relative amplitudes of echoes differing grossly in intensity could be 
obtained by adjustment of the calibrated gain control. The absolute value of the 
reflection coefficients was obtained by measuring the relative amplitudes of the 
first and second E-echoes in the usual manner and confirmed roughly by compari- 
son with the noise level using the known parameters of the system. 

A few photographic records were then obtained by photographing the base 
line of this display through a slit on continuously moving film. This method gives 
very restricted information about relative amplitudes and an intensity-modulated 
display was used for subsequent recording. At the same time a Class A display 
was retained as a monitor. 

It was found that echoes in the range of heights from 60 to 120 kilometres 
commonly differed in field strength by factors of up to 104. The intensities of 
these could not be simultaneously observed on a single receiver with linear 
characteristics. In a search for possible relations between the behaviour of 
echoes from different heights, the response of the receiving system was at times 
altered so as to be approximately logarithmic. Fig. 4(a) shows an example of a 
record using a linear response, Fig. 2(a) a logarithmic one. The full range of 
contrast on the negatives is not reproduced. Echo intensities, when required, 
were obtained from the photographic records by means of a scanning microphoto- 
meter. A series of calibration signals was recorded on each record to be used 
in this way. 

The circuit arrangements for circular polarization are shown in Fig. I(a). 
Identical 70-ohm feeders from the identical, but mutually perpendicular, dipole 
aerials are connected to the terminals shown. The required 7/2 phase shift is 
introduced in the E-W system by making the nett series reactance and shunt 
reactance shown each equal to the resistive component R. The equivalent 
secondary circuit is shown in Fig. 1(b) and an alternative equivalent circuit, 
derived using THEVENIN’S theorem, in Fig. l(c). The output is obviously zero, 
irrespective of the receiver impedance, if #, = EF, and g = 7/2. This corresponds 
to a right-handed (R.H.) circularly-polarized wave from the zenith; while the 
e.m.f.’s are additive for a left-handed (L.H.) one. Since no resistors are used in 
the circuit there is no degradation of signal-to-noise ratio. A remotely controlled 
switch, which reversed the connections to one dipole, was used to change the sense 
of the received polarization from L.H. to R.H. 
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Due to the high absorption of the extraordinary wave near midday, the normal 
E-Region echo should be entirely ordinary and, according to the magneto-ionic 
theory, should be very nearly circularly polarized with a R.H. sense of rotation. 
The system was initially adjusted, using impedance measurements, to resolve a 
vertically downcoming ray into circularly polarized components. As expected, 
the normal E-echo which would be only slightly displaced from the zenith, was 


N | 
Aeria/1 3} 
S | 

~ 


R jx 





—o F; cos(wt +g) 
ever Receiver 
r—O 


E c f / 
ee Ft ‘ Rh E> cos(wt-% 


= 

















Fig. 1. Arrangements for circular polarization 
(a) Circuit 
(b) Equivalent circuit referred to the transformer secondaries 
(c) An alternative equivalent circuit 


found to be much stronger on R.H. than on L.H. By making slight adjustments 
to the polarization controls, which could alter both magnitude and phase, the ratio 
of L.H./R.H. was minimized for this echo. In this way a ratio of the two com- 
ponents of approximately 1/20 was obtained. To the extent that the downcoming 
rays are distributed over a cone, complete suppression of one component cannot be 
maintained. 


3. OBSERVATIONS 


Observations were taken on a number of occasions spread over a period of about 
a year. Particulars of these are given in Table 1. Most of the observations were 
taken during the day. 


Table 1. Periods of Observation 





Aerial 


Period Site : 5 
polarization 


Other particulars 





1951 
2— 4 March Curramutta 
16-17 March | Curramutta 


Linear Visual observations 
Linear Visual and some photographic recording 

6- 8 April | Curramutta | Linear Recording by photographing base line 
2- 3 Sept. | Curramutta | Linear Intensity recording with log. receiver 
15-16 Dec. | Bimlow Linear | Intensity recording with log. receiver 

1952 
4-12 May | Bimlow Circular | Intensity recording with linear and log. 
receiver 


| 
| 
| 
| 














3 SEPT. 1951 





16 DEC. 1951 


Fig. 2. Typical midday records (linear polarization: 
logarithmic response) 











6 MAY 1952 


6 MAY 1952 








| 
7 MAY 1952 1250 


Fig. 4. Characteristic midday records (linear response) 
(a) Layer-type reflection at 73 kilometres 
(b) Semi-layer and vertical filaments 
(c) Vertical columns and filaments 
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3.1. Typical echo structure about midday 


On every occasion during the day echoes were observed from low heights. Figs. 
2(a) and (b) show midday records. In (a), the time base is slow and echoes up to 
the twice reflected E-echo (2E) may be seen. In this and subsequent records the 
height-lines are measured from the centre of the ground pulse. Because the ratio 
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Fig. 3. Sketch of typical midday echo pattern (note severely compressed scale) 


of intensities of the weakest and strongest echoes is so great, the general form of the 
echo pattern is not clearly apparent from such records but may be more readily 
appreciated from the sketch of Fig. 3 which approximates to the pattern seen on 
the A-scan with the logarithmic receiver. The relative amplitude scale on the left 
is supplemented on the right by a scale of effective reflection coefficient for an 
infinite plane reflector at a height of 70 kilometres. The range of amplitudes is so 
great that it is permissible to regard this scale as applying roughly to echoes from 
all heights shown. 

The most important features of these echo patterns are: 

(1) The strong, relatively steady, echo at about 105 kilometres, the normal 
E-echo. 

(II) The weaker and rapidly fading echoes in the height range about 80 to 100 
kilometres. We shall describe these as ‘90 kilometre’ echoes. 

(III) The very weak and rapidly fading echoes below 80 kilometres. These 
are the ones with which this paper is particularly concerned. They extend 
commonly from 60 or 65 kilometres upwards and on two exceptional occasions 
have been seen as low as 55 kilometres. We shall describe these as ‘70 kilometre” 
echoes. 

The 70 kilometre and 90 kilometre echoing regions between them presumably 
include what is known as the D-region. In view of the lack of an explicit and 
universally accepted definition of the latter term, we have introduced these two 
non-committal ones. No echoes were ever observed between 35 and 55 kilometres. 
This was not due to paralysis of the receiver since noise and occasional weak 
interference appeared no weaker in this range. In the regions between the three 
echo groups noted above there are sometimes, but not always, distinct minima of 
echo strength. In the region above the E-echo the intensity decreases slowly and 
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irregularly and frequent distinct echoes appear in the tail end of the extended echo 
or just beyond. 

The orders of magnitude of the median midday amplitudes of echoes in the 
three main groups noted above, expressed in terms of the “70 kilometre” voltage 
reflection coefficient, are as follows: 


‘“‘70 kilometre” echoes 10-5 
‘90 kilometre’ echoes 10-3 
Normal E-echoes (1E) 10-?; (2E) 10-4. 


In order to check that the “70 kilometre’ echoes came from the ionosphere 
and not from distant objects on the ground, the horizontal aerial was replaced by a 
vertical one of approximately equal sensitivity. The ‘‘70 kilometre’? echoes were 
substantially reduced in amplitude (perhaps 10/1). This is explicable in terms of 
the directional response of the aerial suppressing echoes from near the zenith. 
Ground echoes on the other hand should have been enhanced. In contrast, 
echoes from the tail of the E-echo were stronger on the vertical aerial. This 
evidence supports the obvious suggestion that the latter echoes are due to reflections 
from irregularities, either in the E-region or below it, displaced horizontally from 
the geometrical reflection point. There is no reason to suppose that the signals 
could penetrate the E-region at these times. Incidentally, echoes at the tail of 
the ground pulse were found to be much stronger on the vertical aerial as would be 
expected if these were ground echoes. 

The observations taken with circularly polarized aerials will be described more 
fully in Sub-section 3.4, but they showed a characteristic behaviour. While echoes 
from the normal E-region and the ‘‘90 kilometre”’ region appeared to include only 
the “ordinary” magneto-ionic component, those from the lowest heights included 
both components with the ‘‘extraordinary” one considerably stronger. This 
conforms with theoretical expectations and provides further confirmation that 
the ‘70 kilometre” echoes do originate in the ionosphere. 

Though ‘‘70 kilometre’ echoes appear to be always observable about midday, 
their characteristics vary from day to day. Fig. 4 shows three diverse records. 
In (a) there is almost a continuous echo localized at about 73 kilometres. There 
seems to be a distinct layer at that height, and there are sporadic blobs between 
it and the “90 kilometre” layer (receiver saturation prevents recognition of any 
possible distinction between the ‘‘90 kilometre’? and normal E-echoes). In (b) 
the layer shows numerous breaks in time and the intermediate echoes appear more 
as thin vertical filaments. In (c) the “layer” appearance is scarcely evident while 
the typical echo pattern takes the form of vertical threads and columns extending 
from about 70 to above 85 kilometres, and with a tendency to blobs at the lower 
ends. Other records, e.g. Fig. 2(a), show distinct stratification, though the strata 
do not necessarily coincide on different days. 

The faster fading characteristics are imperfectly reproduced on the records. 
From visual observations of the A-scan it was clear that the “70 kilometre” echoes 
always faded rapidly. A typical discrote echo appeared and disappeared in a few 
seconds. There was no apparent difference between the times of rise and fall. 
Also the amplitudes did not appear to conform with a normal Rayleigh distribution 
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but appeared to include much too great a proportion of the time at the zero level. 
This behaviour contrasted with that of the normal E-echo which faded slowly and 
smoothly (quasi-period estimated as going on for a minute) and spent a much 
smaller fraction of the time in the vicinity of zero. The “90 kilometre’ echoes 
faded in a manner intermediate between the other two; the rate of fading was 
fast but the time near zero was small. 

Records were examined to see whether there were significant relations between 
effects at different heights other than those evident in the filamentary structure on 
the records. For example, obvious effects embracing all regions would be expected 
during a Sudden Ionospheric Disturbance (S.I.D.), but unfortunately none 
occurred during the observations. No definite short-term correlation was estab- 
lished, although there were indications that an intensification of the ‘90 kilometre”’ 
echoes is accompanied by a decrease in the strength of the normal E-echo. There 
appeared to be no relation between the strengths of the “70 kilometre’’ echoes and 
those of either of the other two. 


3.2. Diurnal variations of the ‘70 and 90 kilometre’ and normal E-echoes 


Fig. 5 shows a series of records taken at different times of day. In (a) the normal 
midday pattern is apparent; (b), taken one hour before sunset, shows the pene- 
tration of the normal E-layer leaving a mass of sporadic echoes extending from the 


ee ae ee 


S$ 
ES 





“70 km” 


Ae ARO MRT iin. 


Sunrise Noon Sunset 





S 
S 
s 
y 
PS 
S 
cr) 
& 
» 
< 
s 
& 





Fig. 6. Diagram illustrating the diurnal intensity variation 
of the ‘‘70 kilometre,” ‘‘90 kilometre’? and normal E-echoes 


“90 kilometre” region upwards. At this time the “70 kilometre” region is weak 
but still definite. A similar pattern is seen in (c), which is at ground sunset, but 
with a slower time base showing the strong F-region echo. The ‘70 kilometre” 
echo is now seldom visible. A little later, as seen in (d), no trace remains of the 
“70 kilometre’”’ echo but strong sporadic echoes continue to be received from the 
“90 kilometre’ region and beyond. 

The ‘‘70 kilometre” echoes do not show a bodily movement during the day, but 
the intensity and frequency of occurrence are greatest near noon and fall off 
towards morning and evening. The mean intensity at sunset is about 1/10 that 
at midday. The diurnal variations in intensity of the three groups of echoes, 
which are quite different, are illustrated diagrammatically in Fig. 6. The ‘70 
kilometre” group shows a simple maximum at midday and disappears at nightfall; 
the ‘‘90 kilometre” group shows a minimum about midday and extends indefinitely 
into the night; the normal E-echo shows a similar minimum at midday but the 
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echo disappears with penetration of the E-region which, under our conditions 
in May, occurred at about 1600 hours. After penetration the strong, relatively 
steady, echo gives place to weaker sporadic echoes similar to those from the region 
just below. 


3.3. Distribution of echo heights in the lowest group 


On records taken with a linearly polarized aerial the lowest echo (‘*70 kilometre” 
group) does not usually show a clearly defined centre. Apparently distinct 
individual echoes continually appear and disappear at slightly different heights 
and on the film a number of these overlap. If ionization starts abruptly at a given 
height, this height could be determined by measuring the range of the lowest 
echo occurring within an interval much longer than the average repetition period 
of the echoes. The consistency of the results will decide whether such a boundary 
does in fact exist. 

With this in mind the minimum range occurring in each 10-minute interval 
was noted over the period for which records were available. The range to the 
leading edge of the echo was measured from the corresponding point on the ground 
pulse. Fig. 7{a) shows histograms of such minimum ranges for successive days 
from 6-11 May. This indicates the degree of day-to-day variations. In Fig. 
7(b) diurnal effects are examined by displaying the same data in intervals of one 
hour throughout the day, the various days being lumped together. In Fig. 7(c) 
data corresponding to that of Fig. 7(a) are shown for the different observing 
periods in order to show possible seasonal variations. The distribution for 3 
September (Fig. 7(c)) appears exceptional. There was increased stratification 
and echoes occurred at unusually low heights. 

Examination of the histograms shows a pronounced tendency for the lowest 
echoes to occur at preferred heights which differ somewhat from day to day. 
Heights of about 63 and 67 kilometres are common. About midday during the 
May period (see Fig. 7(b)), these heights occurred approximately equally often 
and there was a minimum between them. Towards morning and evening the 63 
kilometre heights became infrequent. The striking feature of Fig. 7(b) is that 
there is no sign of a continuous change of height with time of day. The echoing 
layer or layers appear to come and go at fixed heights. 

With regard to possible seasonal variations, our limited observations indicate 
that there are no gross changes but more observations would be required to 
establish the details. 

The above histograms show only the lowest echoes. Records taken on a 
circularly polarized aerial usually show distinct echoes for the extraordinary 
component and simultaneous echoes at different heights can be noted. Fig. 
7(d) shows the heights of such clear cut echoes below 85 kilometres in 10-minute 
intervals for the period 6-11 May. These were measured from the centre of the 
ground wave to the centre of the echo. 

It appears that the two methods of examination lead to essentially the same 
picture of stratification. They differ in that the ranges to the leading edge are, 
not unnaturally, a few kilometres shorter than those to the middle of echoes 
which may be extended in height. It should be remembered that both sets of 
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ig. 7. Histograms showing occurrence of low echoes; (a), (b) and (c) lowest observed echo in 


10-minute intervals 
(a) For separate days, May 1952, all hours lumped together 


(b) For each hour; period May 1952; all days lumped together. 


10 hours includes readings from 10-11 
(c) For several periods throughout the year; all observations 


(d) For L.H. polarization (extraordinary) only; central ranges of echoes below 85 km 


Histogram shown at 


readings have been corrected to eliminate the effects of extension of the echo due 


to instrumental causes. Further, the second analysis shows that there is a real 


absence of echoes of the extraordinary component just below 80 kilometres at all 
times. 
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3.4. Distinctive behaviour of the two circularly polarized components 


The general behaviour about midday of the R.H. (ordinary) and L.H. (extra- 
ordinary) circularly polarized components is illustrated by the record of Fig. 8, 
which shows the echo pattern obtained with three very different receiver 
sensitivities for each component in turn. At low gain, with about the sensitivity 
usually employed in ionospheric sounding, only the R.H. component was recorded. 
This of course followed from the method of setting up the aerial system. With 
somewhat higher sensitivity an echo was received on the L.H. system but a much 
stronger one, extended both upwards and downwards, on the R.H. one. With 
full gain the higher echoes showed the same effect but the low “‘70 kilometre”’ 
echoes showed an inverse effect. For the lowest, the L.H. (extraordinary) 
component was the stronger. The form of the variation of observed echo strength 
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Fig. 9. Diagram illustrating the height variation 
of the relative echo strengths of the ordinary and 
extraordinary components at midday 


Fig. 10. Arrangement for scanning intensity 
modulated film with microphotometer 


with range for the two components is illustrated in Fig. 9. It should be noted that 
the apparent increase of the L.H. component at heights above about 80 kilometres, 
shown dashed, is probably an instrumental effect, imperfect suppression of the 
very strong R.H. component, and not a real increase in the extraordinary 
component. 

On switching rapidly from one sense of polarization to the other while observing 
the A-scan visually, a most interesting effect was observed which does not appear 
on the records. Dvring particular observing periods the ratio of the components 
of a discrete echo at a particular range was constant within the uncertainty of 
observation, independently of the fading of the echo. This ratio, R,/R,, for a 
particular height, varied with time of day and from day to day. Table 2 gives 
the results of some visual measurements of this ratio. Fig. 5, containing records 
taken at different times, illustrates a number of the features. This ratio proved 
the key to the structure of the D-region; in future investigations better provision 
should be made for its accurate measurement. 

In an attempt to obtain a measure of this ratio as a function of height at various 
times, photometric intensity measurements of average echo strength were made of 
records in which frequent polarization changes had been made. The accuracy in 
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Table 2. Visual observations of ratio, R,/R,, of extraordinary to ordinary echoes 
at particular times and heights 





Date Time Height | 


(1952) (#.A.8.T.) (km) R,/R, 





6 May 1150 68 2-5-3 
11 May 1100 be 2-0-4-0 
72 1-25 
1830 88 5 
112 0.2 














ratio and in range is inferior to that which could be obtained using the instan- 
taneous method, as is also the discrimination against noise. 

Fig. 10 shows the scanning arrangement. The slit width employed was 
equivalent to averaging over about a half-minute. Fig. 11 shows the result of a 
sequence of such scans taken near 1220 hours on 6 May. Each record shows, full 
lines, two scans with R.H. (ordinary) polarization at times just before and after 
the scan on L.H. (extraordinary). Fig. 12 shows a plot derived from Fig. 11 of 
the ratio (extraordinary/ordinary) as a function of height, together with visual 
results from Table 2. It is apparent that the ratio determined in this way remains 
approximately constant for a particular height as the general echo intensity varies. 
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Fig. 11. Series of photometric measurements of the amplitudes of the two magneto-ionic 

components about noon, 6 May 1952. Each graph shows two scans, full lines, with R.H. polarization 

(ordinary) at times just before and just after a short section of L.H. polarization, dashed lines. 
(Amplitudes are unreliable if either component exceeds 10.) 


However, appreciable changes do occur both with time of day and from day to 
day. To show the latter, ranges at which the ratio had the values 2, 1 and } near 
noon were measured photometrically on successive days and are shown in Fig. 13. 

Away from noon the ratios at each height increase slowly, but the accuracy of 
the photometric determinations decrease on account of the increasing noise which 
is mainly on the ordinary component. A further complication arises from the 
development an hour or so before sunset of a gap in reflection between the “70” 
and ‘90 kilometre” regions. Naturally, the ratio cannot be determined in the 
absence of echoes, but it was observed that the ratio does not change appreciably 
between the highest ‘‘70 kilometre” and the lowest ‘90 kilometre” reflection, that 
is, the ratio is the same on both sides of an echo-free region. 
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At about the time of sunset the ratio for the relatively strong ‘‘90 kilometre” 
echoes has risen to a value at which it can be measured. For example, the ratio 
given in Table 2 for 88 kilometres is about 5/1 at 1830 hours (14 hours after ground 
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Fig. 12. Ratios of echo strength of ordinary and 
extraordinary components (R,/R,) as a function of 
height. (Derived from Fig. 11.) Some visual results 
for different times (a) and (b) are also shown 


sunset) whereas at noon at that height it is below the instrumental limit of about 
1/10. The height at which the components are equal has moved from 75 kilometres 
near noon to about 100 kilometres at 1830 hours. 








Date (May 1952) 


Fig. 13. The variation of the heights at which 
R,/R, was 2, 1, and } at noon on different days 


4. INTERPRETATION OF OBSERVATIONS 


In this section we discuss the question of what can be inferred about the 
distribution of ionization in the part of the ionosphere below the normal E-region 
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from a study of echoes from these heights. The data consist essentially of measure- 
ments of the strength of such echoes, of their time variation and distribution in 
height, and above all of the distinctive features shown by the two magneto-ionic 
components. We commence by discussing the basic question of the origin of the 
echoes. 


4.1. Hypothesis of origin of low echoes in partial reflections 


The low echoes in which we are interested are very weak and could originate in 
rather insignificant irregularities in the upper atmosphere. These irregularities 
must still involve ionization, however, and not mere density changes, because at 
the heights concerned density changes of un-ionized air would involve entirely 
negligible changes in refractive index. Further, since the echoes, which have been 
observed on a frequency near the gyro-frequency for electrons, show pronounced 
differences between the two magneto-ionic components, the ionization responsible 
for the effects must consist of electrons and not ions. 

These weak echoes could originate in partial reflections from relatively large 
bodies of gas having very small reflection coefficients, or in small ones with high 
reflection coefficients. It would suffice for the typical ‘‘70 kilometre’’ echoes if, 
at the height concerned, there were an abrupt change of refractive index of only 
2 x 10-5 extending over the sky. Alternatively, a single blob of highly ionized 
air exceeding the critical electron density over a region about a half-wavelength, 
75 metres, in extent would yield an echo power ten thousand times that commonly 
observed. If over-dense regions ever exist at such heights, they must be much 
smaller than this. We have adopted the former hypothesis, weak partial reflections, 
and shall discuss its justification later. 

Quantitatively, if the refractive index remains approximately unity the voltage 
reflection coefficient for the ordinary and extraordinary components A, and 4A, 
respectively at an infinite plane discontinuity in which the complex refractive index 
changes from n to n + An in a distance small with respect to the wavelength is 
given by 

An An 


Aas = 2n,, + An,, a 

for n ~ 1. Formulae for A, and A, in terms of electron density, NV, are given in an 
appendix (equations (2) and (3)). Each is proportional to AN and of the order of 
AN/4N,, where N, is the critical electron density with zero magnetic field for the 
frequency concerned. For our conditions a change in electron density AN of 
about 2 electrons per cubic centimetre could cause the typical observed reflection 
coefficient of 10-5. At the 70 kilometre level the total electron density is about 100 
per cubic centimetre so that the changes concerned are a few per cent of the mean 
ionization. An approximately equal echo would be caused by a discontinuity which 
extended, not over the whole sky, but over a substantial fraction of a Fresnel zone. 
The central Fresnel zone is 3 kilometres in diameter. 

We next consider the case in which a blob of gas of refractive index n + An, 
where An is small, lies in a medium of uniform index n. The effective reflection 
coefficient, A, due to this blob could be obtained by integrating the contributions 
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scattered from elements of its volume taking due account of relative phases. 
The coefficient is of the form A = (An/n) f(l/A) where f(1/A) is a geometrical factor 
related to the wavelength in the medium. If nx 1 then A = An.f(l/A). There 
are two important applications of this relation. 

Firstly for the same blob the two magneto-ionic components have different 
values of refractive index variations, An, and An, say, and the ratio of the respective 
reflecting powers A, and A, will be given by 


(1) 


independently of the size and shape of the blob, provided that the differences in the 
refractive indices do not make the phase paths to the different parts of the 
irregularity appreciably different for the two components. 

It is shown in the appendix (equation (4)) that, for small departures of n, and n, 
from unity, A,/A, is independent of the actual departures. Equation (1) can there- 
fore be extended to an irregularity in which the electron density varies in an 
arbitrary manner throughout its volume subject to the above restrictions on the 
absolute magnitudes of An, and An, and on the phase paths. 

The second application of the relation A = An f(l/A) relates to the magnitude 
of the deviations of refractive index or of electron density. 

For a blob of a particular size and shape, f(//A) constant, A is proportional to 
An. The reflection coefficient from an irregularity in which An varies in an 
arbitrary manner must be the product of a shape factor /, (//A) and a mean effective 
value of the refractive index variation An, or, since An is for either component 
proportional to the deviation in electron density AN, 


A x f,(l/a) AN. 


It follows that for a series of irregularities for which the shape factor maintains 
the same average value, then the mean value of A is a measure of the mean value 
of AN. A particular case of interest is that of Section 4.4.1 where the mean value 
of A is found proportional to the total electron density, V, at the point of reflection. 
A most plausible explanation is that the shape factor is constant and AN 
proportional to NV. 

These conclusions apply directly to observed echo strengths for those 
irregularities which are sufficiently low for the absorption beneath the irregularity 
to be ignored. For greater heights the echo strength is reduced by absorption. 

Some general conclusions concerning the nature of the ‘70 kilometre” 
irregularities can be drawn from the high degree of stratification of the echoes 
which is often observed, and from the characteristics of the fading. If, as appears 
most probable, the positions of the irregularities are continually changing due to 
winds or other causes, the observation of sustained stratification of the echoes 
implies the predominance of rays from near the point of geometrical reflection. 
From such observations the semi-cone angle of the received radiation was often 
shown to be less than 15 degrees. This implies that the horizontal extent of the 
typical irregularity must then be not less than several wavelengths, say 1 kilometre, 
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and must considerably exceed its vertical extent. The large proportion of the time 
for which the echo amplitude is about zero (less than 75, say, of its average 
amplitude) suggests that reflection is from a single, or sometimes several 
irregularities. The observations show the scattering is not of the type analyzed 
by Booker and Gorpon [4], in which the reflected signal is due to contributions 
from a large number of essentially spherical scatterers. 

The fading characteristic of the ‘90 kilometre’ echo, on the other hand, 
suggests that contributions are being received simultaneously from a number of 
reflectors. 

There remains the most interesting question of the cause of the irregularities 
responsible for echoes. We know that the electron density increases from low 
values at about 60 kilometres to about 10° at about 110 kilometres. Such a 
gradient would itself cause some partial reflections but if the gradient were smooth 
and approximately exponential the magnitude would be inadequate. There must 
be a mechanism in the lower ionosphere causing irregularities in ionization and the 
observation of an echo implies the simultaneous presence of ionization and of this 
mechanism. Diffusion and recombination tend to make the ionization regular and 
oppose the formation of echoes. 

The obvious suggestion for the cause of irregularities in the lower ionosphere 
is the turbulent winds which are thought to exist at these heights. The mean 
electron density increases rapidly with height and turbulent winds could stir up 
the medium, transferring ionization from one level to another. 


4.2. An unexplained type of extended disturbance in the lower ionosphere 


The peculiar, vertical filaments and columns shown in the echo patterns of Fig. 
4(c) do not appear to admit of interpretation in terms of known agencies. The 
vertical extent is not due to an instrumental delay as is evident from the frequent 
occurrence of equally strong echoes which extend only about 5 kilometres in 
equivalent height. A typical vertical column, extending from, say, 70 to 85 
kilometres, implies that the ionosphere is simultaneously disturbed over a region 
which, if the echoes all come from overhead, is 15 kilometres in extent, and, if 
they are oblique, is much more. This disturbance enhances the echoing power, 
either by creating ionization or by a stirring up process, and within the experi- 
mental limit of about a second, it does so simultaneously at all ranges. 
Consequently the disturbance, if it extends progressively from one point to another, 
must proceed with a velocity of more than ten kilometres per second. This high 
velocity precludes the possibility of the disturbance being carried by a localized 
burst of wind, or of its marking the path of a sound wave. 

It is unlikely that the echoes are caused by cosmic ray showers because the 
amount of ionization required at such heights is too great. Nor is it likely that 
they are mainly caused by meteors because the echoes so frequently extend to 
low heights, e.g., 10 per minute to a height of 75 kilometres. Two other possibilities 
each appear plausible. The first is that the echoes may be due to ionization 
associated with changing electrical currents flowing in the ionosphere. Evidence 
concerning this might be obtained through simultaneous observations of echoes and 
of fluctuations of the earth’s magnetic field. The second is that they may be due 
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to momentary increases in solar ionizing radiation of the appropriate wavelength, 
increases of the nature of tiny solar flares. There is essentially no information 
against which either hypothesis may be checked. 

In addition to the vertical filaments there are a few which show a finite slope 
and hence suggest a measurable velocity. We have not studied these. 


4.3. Theoretical ratio of intensities of the circularly polarized components and a 
method of deriving N and vy from observations 


When an incident wave is reflected from an irregularity and absorption occurs 
below the point of reflection, the observed reflection coefficient R is the product 
of two factors, the reflection coefficient A in the absence of absorption and the 


integrated absorption, i.e., 
R= Ae~* 


where p = f{ «ds is the integrated absorption, up and down, in nepers. 
If now the reflection coefficient is measured for both the ordinary (0) and extra- 
ordinary (e) magneto-ionic components, the observed ratio will be given by 


In our observations R,/R, is equal to the ratio of the echoes received on the two 
polarizations since the incident components, from the plane polarized transmitting 
aerial, are very nearly equal. 

We have already discussed the derivation of A,/A, (Section 4.1 and Appendix); 
that of «, and «, is also discussed in the appendix. Numerical values of A,/A, and 
of (x, — «,)/N were computed using equations (2), (4) and (5) for a range of 
frequencies in the vicinity of that used, for values of collision frequency of 2 x 108, 
5 x 10° and 10’ per second, and for conditions appropriate to our observations. 
These are shown in Figs. 14(a) and (b). 

In interpreting our observations of echoes at different heights we require A,/A, 
and (x, — «,)/N, which are functions of collision frequency, as functions of height. 
The collision frequency, v, at the lower heights at which differential absorption is 
negligible, can be derived from the observed ratio R,/R, which is then equal to 
A,/A,, a known function of v. The heights up to which differential absorption is 
negligible vary with time of day. They can be recognized either as the lowest 
from which echoes are received or from exact measurements of the ratio with 
height. For a small range of heights at the bottom the ratio R,/R, should 
increase with height in step with A,/A, before decreasing owing to attenuation. 

From observations of R,/R, such as those shown in Fig. 12 we considered A,/A, 
at 65 kilometres unlikely to lie outside the range 2-2 — 3-5. This corresponds for 
our conditions to a range of collision frequencies 6 — 10 x 10® seconds“. We 
therefore adopted a base value y, at h, = 65 kilometres of 8 x 106 and assumed 
the exponential distribution 


v=, (Gr) 


with the scale height H arbitrarily chosen at 10 kilometres. This distribution 
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of »v is shown in Fig. 15. It was used to derive the distributions of A,/A, and 
(x, — «,)/N for our frequency and conditions. These are also plotted on this 
figure. It is a fortunate coincidence that the two latter quantities do not vary much 
over the range of interest. In consequence errors in the vy — h relation have a 
correspondingly reduced effect on electron density estimates. Fig. 15 also shows 
the value of «,/N at each height. | 
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Fig. 14. (a) The computed ratio of partial reflection coefficients, 
A,/A,, for the extraordinary and ordinary components as a 
function of frequency for three values of collision frequency (y). 
(b) The computed differential absorption coefficient per unit 


electron density, (x, — x,)/N, as a function of frequency for three 
values of y. (Sydney conditions.) 


The distribution of electron density with height is obtained from the observed 
variation of R,/R, with height. The measured value R,/R, is divided by the 
estimated value of A,/A, for the height concerned (given in Fig. 15). The quotient 
is then expressed as the integrated differential absorption, p,, in nepers up to that 
height, i.e., 


.R,/R, ee oJ 9 2xe— odd =~e7e 
A,/A, 


and p, is plotted against height (see Fig. 16). 
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To the extent that (x, — «,)/N, which passes through a flat maximum in the 
range of interest, is independent of h, the ordinate, p,, is proportional to the total 
number of electrons in a column of unit cross section below h. Further, the slope 
of the curve at a particular height is a similar measure of electron density there. 
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Fig. 15. Computed values of (x, — x,)/N, x,/N, A,/A, as functions 


of height on the assumption that y varies with height in the manner 
shown. (2:28 Mc/s and Sydney conditions.) 


4.4. Derived distributions of N 


4.4.1. Midday distributions 


From the photometric values of R,/R, for 6 May, shown in Fig. 12, the differential 
attenuation and variation of electron density with height were derived and are 
shown in Fig. 16. 
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Fig. 16. Values of integrated differential absorption pg versus height near 
noon on 6 May 1952, and the derived electron density distribution, N 
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The curve for electron density shows a potentially important feature. Over 
the range of heights shown, the electron density is roughly proportional to the 
average echo strength of the ordinary component (see Fig. 11). Further, the 
integrated absorption of this component up to heights of 80 kilometres, determined 
from Figs. 15 and 16, turns out to be small. Consequently, the reflection coefficient 
A, is proportional to the electron density. It follows, cf. Section 4.1, that in this 
instance, and perhaps more generally, the distribution of relative electron density 


variations AN/N is probably substantially independent of height. 

Below about 67 kilometres the total number of electrons is too few to permit the 
distribution to be determined by our differential absorption measurements. In 
Fig. 17 this part of the distribution has been tentatively filled in (dotted line) on 
the hypothesis that the mean echo strength continues to be proportional to N. 

Fig. 17 also shows the electron distribution on a second day, 11 May, derived 
in the same way. The distributions are significantly different, indicating that 
there are day-to-day variations. Incidentally, 11 May showed a greater integrated 
absorption p,,q. for the E-echo, 44 nepers as compared to 34 nepers, which is 
presumably associated with greater ionization above 80 kilometres indicated by 
the trend of the curve; 6 May seemed the more normal. 
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Fig. 17. Electron density distributions at noon 6 with time of day (approximate) 


and 11 May 1952. The full lines are based on 

differential absorption, the dotted extensions on the 

hypothesis that electron density is proportional to 
echo strength 


4.4.2. Diurnal variation of the “‘70 kilometre’ region 


Towards the end of the afternoon the decreasing echo strength of the “70 kilometre” 
echoes and increasing noise prevented a systematic determination of electron 
distribution. The observed ratios indicated, however, that at about 1600 hours, 
one hour before sunset, the absorption of even the extraordinary component in 
the ‘‘70 kilometre’ region was negligible. Hence the echo intensity distribution 
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of the extraordinary component was used to infer a tentative electron distribution 
sketched in Fig. 18 along with the noon value. 

About 1} hours after sunset the reflected extraordinary component centred on 
88 kilometres exceeded the ordinary by about 5 to 1. This is about the value 
expected for A,/A, at that height (see Fig. 15) so that there is no indication of 
absorption below. The estimated distribution at this time is also shown in Fig. 18. 

The ‘‘70 kilometre’’ region is seen to exist at a definite level in the atmosphere. 
Its electron density is under solar control with a maximum near noon, and it has 
effectively vanished 1} hours after sunset. This layer must have a separate 
existence as do the E and F-regions. It does not move up to the bottom of the 
E-region any more than does the E move up to the F. 

The ‘90 kilometre’ region almost merges into the ‘‘70 kilometre’ region at 
midday. but towards night there is a distinct separation due to the movement 
upwards of the ‘90 kilometre’ region which accompanies a general decrease in 
electron density. We do not have sufficient information to say whether or not 
there is any real distinction between the normal E-region and the ‘‘90 kilometre’’ 
region. The very different features of the echoes could be accounted for if the 
combined region were a region of irregular ionization in which partial reflections 
were obtained from the lower and less highly ionized parts and total reflection 
from the most highly ionized layers in which the electron density, even in the local 


minima, exceeded the critical density. 


5. Discussion 


We wish first to review two basic assumptions made in our derivation of electron 
densities and collision frequencies in the lower part of the ionosphere. These are: 

(1) That the lower echoes studied originated in partial reflections from 
irregularities in which the refractive index did not depart greatly from unity, and 

(2) that the observed effective heights (more explicitly, time delays), could, for 
the ‘70 kilometre” echoes at least, be interpreted as true heights. This assumption 
would be invalid if there were a great deal of scatter and these echoes frequently 
returned from oblique directions. 

These assumptions conform with current ideas and some justification for (2) was 
given in Section 4.1. Further, the observed constancy of the ratio R,/R, at a given 
height and the form of the variation of this ratio with height conform well with the 
assumptions and give them strong support. 

It does not appear worthwhile to attempt to reconcile our results with the 
widely divergent observations of pulse reflections at medium and high frequencies 
summarized by ELLYETT [3]. It has been established that an ionized region giving 
weak echoes at vertical incidence is normally present during the day in this part 
of the world (latitude 34 degrees S.). It seems probable that this result may be 
typical of temperate latitudes but there might well be major differences in behaviour 
in other parts of the world particularly in the auroral zone. 

Our observations conform closely with oblique incidence Loran observations on 
2 Me/s reported by NaismiTH and BRAMLEY [5] for stations in the vicinity of Great 
Britain and with unpublished observations taken in north-west Australia by 
D. Ek. Yasstey of this Laboratory. Over paths of about 1000 kilometres each 
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found a group of echoes in the “60-70 kilometre’ range. YABSLEY also measured 
the echo strength and found an effective reflection coefficient of 10-? which, at 
oblique incidence, seems compatible with our 10~-> at near vertical incidence. 

There have been recent reports from DIEMINGER and HoFFMANN-HEYDEN [6], 
[7] in Germany and from GNANALINGHAM and WEEKES [8] in England of low 
echoes obtained using increased sensitivity. Examination of their results indicates 
that their sensitivity is still several orders of magnitude less than ours (30 or 40 
decibels). and that their observations apply principally to the bottom of what we 
have called the “90 kilometre’’ region. In each case the lowest echoes were 
observed on days when the overall absorption (E-region echoes) was high. We 
noted a small effect of a similar nature on 11 May (see Fig. 17) when the overall 
absorption and the echo strength from the bottom of the “90 kilometre” region was 
increased but with no corresponding increase in the “‘70 kilometre” region. With 
lower sensitivity, the “70 kilometre’ echoes would not have been observed. 

Our results have shown that the absorption of the ordinary component in the 
“70 kilometre” region under our conditions is trivial compared with that in the 
region above: e.g. 75 neper in the “70 kilometre” and 34 nepers total. It seems 
probable that the “70 kilometre” region normally plays no significant role in 
absorption encountered in short and medium wave radio communication. 

The relevance of the measurements to the determination of the region of 

origin of the thermal radiation is obvious. This will be covered in a subsequent 
paper. 
Our model of the lower ionosphere is relevant to the reflection of very long 
radio waves. For a midday distribution of electrons such as those shown in Fig. 
17. 16 kilocycles per second waves would be expected to be reflected from the 
vicinity of 70 kilometres and 100 kilocycles per second waves from 80 to 90 kilo- 
metres. This agrees broadly with observations. In addition the 100 kilocycles 
per second waves would be expected to be attenuated by the “‘70 kilometre”’ region. 
From the observed diurnal variation of phase height on 16 kilocycles per second, 
it has sometimes been inferred that a continuous movement of the reflecting 
ionization takes place from the midday level at about 70 kilometres to the night- 
time 90 kilometres. The evidence of our results strongly suggests that this does 
not happen. Instead, a gradual changeover should take place between the two 
layers as the afternoon advances. Further, because of the observed stratification, 
the change of reflection with angle of incidence should not conform to that from a 
simple layer, but ought to show some sort of discontinuity. This is observed. 


6. CONCLUSIONS 


It has been established that in south-east Australia echoes on medium frequencies 
can be regularly obtained by day at vertical incidence from heights in the range 
from 60 to 80 kilometres. It seems most likely that similar echoes could be 
observed in other parts of the world, at least in the temperate and tropical zones. 

Further, it has been shown that it is possible to use such partial reflections to 
derive electron densities and collision frequencies in this range of heights. It is 
possible that the method could, if applied on different frequencies and at different 
times, be extended to other parts of the ionosphere. 
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If further observations are undertaken, it would be most desirable to make 
better arrangements for measuring the ratio of the two magneto-ionic components 
(R./R,), both instantaneous and mean values, possibly by displaying and recording 
both components simultaneously. Attention should also be paid to the polarization 
arrangements. It would also be desirable to increase the pulse power and the 
degree of range resolution. 

The observations have shown that, in this part of the world, a distinct layer 
of ionization forms during the day at heights between about 60 and 75 kilometres. 
Above this is the region of greater ionization which is responsible both for the 
normal E-region reflections and the usual medium and short wave daytime 
absorption. Within the lower layer the ionization has a distinct tendency to form 
in strata, e.g. at heights of about 63 and 70 kilometres, but these are variable 
from day to day. 

The reason for the formation of an ionized layer at about 70 kilometres is not 
known but it may be significant that the concentration of sodium atoms, which 
is a maximum at this level, would be sufficient to supply the observed electron 
densities. Similarly, the origin of the curious disturbances which, for a few 
seconds, suddenly cause an extended region in the lower ionosphere to give echoes, 
has not been established. 


APPENDIX 


Formulae from the magneto-ionic theory 


The complex refractive indices n, and n, for the ordinary and extraordinary waves 
of APPLETON’S magneto-ionic theory are given by 





(n,,2 =1— 


O,€ 





(1 — iz) — 


where 2, yp, y;, and z are the parameters used by APPLETON [9] (page 650), viz. 
x =(p,/p), ¥, =PL/P. Yr = Pr/p and z =»/p. For our conditions, frequency 
2-28 Mc/s, gyro-frequency 1-635 Mc/s, and 6 = 26°, y,; = 0-65 and yp = 0°32. 
We are interested in limiting conditions of low electron density when x — 0. 

The quasi-longitudinal approximation obtained by neglecting terms involving 
yr, simplifies W,, to 1 — iz + y, but is insufficiently accurate in parts of our 
range. 

The partial reflection coefficients, A, and A,, for the two components at 
a plane interface at which the electron-density parameter x changes from 


nm, —n 
x, to x, are each of the form cra For small values of x, z/W,, <1, so that 
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The ratio A,/A, is then given by 
(4) 


independently of the actual values of 2, and 2, or of n, and n,. For the reasons 
given in Section 4.3 this ratio also applies to the reflections from an irregularity 
of arbitrary shape and continuous electron-density distribution subject to the 
phase condition mentioned there. 

The absorption coefficients x, and x,, for small values of x, are given by 


=" Im {n,.} =%Im| . 
, Cc 


K id 
c 2W,. 


0,e 


where c is the velocity of light and “‘Im’”’ denotes “‘the imaginary part of.’’ This 
result is more useful in a form giving «,,/N, where N is the electron density. 
This is derived from the above on substituting Ne?/me,p? (m.k.s. units) for 2. 


1 é | l | 
= — —— Im\——}. 
2c me,p Woe 
The polarization of each component of the received echo should not differ 


appreciably from the characteristic magneto-ionic polarizations appropriate to a 
level near the bottom of the ionosphere. These are given by 


Yr" |2yr. jf Y7"|2y, + 
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which for our values of y, and y, and for x + 0 reduces to 
. a 0-08 (6) 
rk cons oo” 
H, and H, being perpendicular components of the wave. The polarization cannot 
therefore depart from circularity (H,/H, = + 7) by more than 8%, the departure 
for vy = 0, and will be normally closer than this. 

Errors in our resolution into the true ordinary and extraordinary components 
will have occurred owing to: 

(a) The setting-up procedure in which the setting for the extraordinary 
component consisted in adjustments which effectively suppressed the ordinary 
component, but that for the ordinary merely reversed the leads to one dipole. 
If the limiting polarization is not circular a small fraction (less than 8%) of 
the extraordinary component will be picked up on the “ordinary” aerial. This 
effect becomes serious when F,/R, > 1. 

(b) Errors in suppressing the extraordinary component discussed in Section 
3.4 which are serious when R,/R, < 1. 

(c) Possible differences in emergent polarization. The adjustments were made 


on the E-echo near noon. 
These errors are least important when R,/ R, is in the vicinity of unity. Error 
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(a) leads at the lower heights to derived values of » which are too high, and of N 
too low; error (b) at greater heights leads to low values of N and so limits the 
heights to which the method applies. Because the polarization is nearly circular 
over a large range of heights error (c) should be small. 
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Research notes 


RESEARCH NOTES 





The charge on the ionosphere 


Measurements of the electric field, vertical electric current and conductivity in the air at 
various heights have shown that the ionosphere can be considered as a conductor at a 
potential of about 4 x 10° volts above earth (GisH and SHERMAN (1936)). From this it 
appears to have been tacitly assumed that the ionosphere carries a positive charge on its 
inner side. (As the ionosphere is considered as a conductor, charges on its outer side can 
have no effect inside.) This has led to the familiar picture of the earth and ionosphere as 
a gigantic leaky condenser, continually charged up by the action of thunderstorms. 

But, if we assume the observational result of GisH and Wart (1950), that the con- 
ductivity of the atmosphere above a storm cloud is the same as at the same height in fine 
weather, then it can be shown that the total charge on the inner side of the ionosphere is 
zero, the positive charge above areas of fine weather being exactly balanced by negative 
charges above clouds. 

The only other assumption that it is necessary to make is that above clouds there is 
no process of transfer of electricity other than by conduction. 

Let us imagine a closed surface s drawn in the atmosphere above clouds, so that the 
conductivity is the same at all points of s; if conductivity depends only on height, the 
surface s will be a sphere concentric with the earth, but if there are effects of latitude, it 
will deviate from the spherical shape. 

If we now apply Gauss’ theorem to the volume between the ionosphere and s, we get: 


[F ds = 4nQ 


where F is the field, normal to s, at any point on s, Q is the total charge in the volume, and 
the integration covers the whole surface s. 

If A is the conductivity at the surface s, the current across an area ds of s is AF ds and 
so the total current, 1, across s is: 


t= fi Fds = Af Fds = /147Q 


But the current 7 must be —dQ/dt, so that: 
dQ/dt = —4nr/iQ 


and hence @ decreases to zero very rapidly. Once Q has reached zero, it can never deviate 
from this value, provided that no currents cross s other than conduction currents. 

The above argument can be applied to any surface of constant conductivity above the 
clouds, and so, if we define where we mean by the lower side of the ionosphere, we can 
apply the argument to a surface just below this and reach the result that the total charge 
on the lower side of the ionosphere is zero. 

Since Q is zero, i must be zero, and so through any surface s there must be equal and 
opposite vertical currents, positive downwards above fine weather areas and positive 
upwards above storms. GisH and Wait (1950) have shown that, on the average, the 
vertical current above a storm is 0-5 amp, so that the vertical current in fine weather areas 
must be 0-5 amp for each storm that is active at the time. Since the area of the earth 
covered by storms can be neglected in comparison with the total area of the earth, it follows 
that the fine-weather current density must be proportional to the number of active storms. 
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Where there are no disturbing factors, the vertical field at the earth’s surface is proportional 
to the current, and so we reach a simple derivation of the result, first suggested by APPLETON 
(1925) and verified by WurPPLeE (1929) from statistical results, that the undisturbed field 
shows the same variation with global time as the total number of active thunderstorms. 


Physics Department, Durham Colleges 
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The effective separation of discharging points 


An earth-connected point exposed to the high electric fields below showers and storms 
produces point discharge and a current flows through the point; currents similarly flow 
through natural points, e.g. trees. For many purposes, it is more important to know the 
point discharge current density rather than the current through a single measuring point; 
this can be expressed by defining the ‘“‘effective separation,” denoted by d, as the spacing 
of points in rectangular array, similar to the measuring point, which would be required to 


give the same current density as actually occurs. 

Among the measurements of point discharge are those of WHIPPLE and SorasE (1951) 
at Kew; originally they gave a value of “d” of 25 m only as a rough estimate. Smmpson 
(1950), assuming that rain obtains its charge from the point discharge ionic current, 
deduced a value of 22 m and CHALMERS (1951), working on the same lines in more detail, 
obtained 14-5 m. 

Another method of obtaining a value for “‘d” is obtained by assuming: 

1. The total current through a thunder cloud is, on the average, 0-5 amp. (GisH and 
Walt (1950)). 

2. The current below a thundercloud consists mainly of point discharge currents. 

3. The electric field at the surface at Kew beneath an average thundercloud can be 
represented by the ‘“‘model”’ designed for the purpose by Stimpson and Rosrnson (1936), 
consisting of +4 coulomb centred at a height of 1-5 km, —20 coulomb centred at 3 km, 
and +24 coulomb centred at 6 km. 

4. The relation between point discharge current and field is that given by WHIPPLE 
and ScrasE (1951). 

i = A(F? — M?) 


where 7 is the point discharge current in uA, F the field in V/cm. A is 0-0008 for positive 
and 0-0010 for negative fields, and J/ is 7-8 V/cm for positive and 8-6 V/cm for negative 
fields. 

To make calculations, the field from the Stmpson and Rogprnson model is evaluated for 
places on the earth’s surface distant from the point beenath the centre 0, 0-1, 0-2, etc. km. 
For each ring of width 0-1 km, the average field is obtained and then, from the WHIPPLE 
and ScrasE formula, the point discharge current per point in this ring. From the area of 
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the ring, the number of points in the ring is obtained in terms of “‘d”’ and so the total point 
discharge current for the ring. If the sum is now taken for all such rings, this must be put 
equal to —0-5 amp, and hence ‘‘d”’ can be obtained. 

The results show that, for the central area, in which the field is positive, the total 
current is 0-4/d? amp; for the area of negative field surrounding this, the total is —66-1/d? 
amp and for the outer region of positive field 5-9/d* amp, giving a resultant current of 
—59-8/d? amp. If this is to be —0-5 amp, the value of d must be 11 m, which is in reasonable 
agreement with other estimates. 

It should be pointed out that when considering an irregular array of points of different 
heights, such as occurs in nature, it may well be that the effective separation, d, is not a 
constant but depends upon field strength, so that complete agreement might not be expected 
between the present method, which is mainly concerned with high fields, and the method 
depending on rain charges in lower fields. 


Physics Department, Durham Colleges 
University of Durham. J. ALAN CHALMERS. 
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Two cases of large F, region disturbance associated with small magnetic disturbance 


In the course of an investigation into the daily disturbance variation of the F, region 
(S,(F,)) at Canberra it was noticed that in October 1947 mean h’F, for the five Inter- 
national Magnetically Quiet Days (which happened, rather unusually, to be the five 
consecutive days Oct. 26-30 inclusive) was higher than for the five Disturbed Days, instead 
of being lower as was expected. Examination of the data showed that on October 27 the 
hourly values of both f°F, and h’F, showed departures from monthly median values 
typical of behaviour during a considerable magnetic storm. These departures were greater 
than any during the month excepting some of those on three of the International Disturbed 
Days; yet on Oct. 26 and 27 (GMT) at the nearest magnetic station, Toolangi, the K-sums 
were only 16 and 12 respectively, while the maximum K-index, 4, occurred only once, on 
Oct. 26, 2nd period. During this quiet period, only one other magnetic station in the world, 
Pilar, reported a K-index of 4 (on Oct. 26, 5th period). Conditions generally throughout 
the world were quiet, the sums of the geomagnetic planetary indices (K,,,) for the Greenwich 
days Oct. 26-30 being only 7), 5+, 5+, 7-, and 9* respectively. 

Similar ionospheric disturbances were noticed during this period at Brisbane, Hobart, 
and Christchurch. At a number of other inospheric stations there were considerable 
oscillations of A f°F,, but the disturbance pattern was not so clear cut asin Eastern Australia. 
This may be due to the fact that the season and local time favoured maximum ionospheric 
storm manifestation in Eastern Australia. 
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The figure shows Af°®F, at Brisbane for the Greenwich days Oct. 26-28, 1947 (curve A). 
Superposed on it so that the two minima coincide is the curve (B) of storm-time variation 
(D,,(f°F.)) for 96 Severe (S) and Moderately Severe (MS) storms at another moderate 
latitude station (Watheroo) [1]. (D,, curves for Brisbane and Canberra are not yet available.) 
Since the 96 ionospheric storms averaged in curve B were associated with magnetic storms 
in which the maximum K-index varied from 6 to 9 it is clear that the October 27 ionospheric 
disturbance in Eastern Australia is associated with unusually little magnetic disturbance. 
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A. Af°F, at Brisbane for the International Magnetically Quiet Days Oct. 26-28, 1947 
B. D,,(f°F,) at Watheroo for 96 severe and moderately severe storms, 1938-1950 


Another period of five consecutive International Quiet Days occurred from Jan. 9-13, 
1947, when magnetic conditions were similar to those of Oct. 26-30. On this occasion 
there was no comparable ionospheric disturbance in Eastern Australia; however, at 
Chungking, Palmyra, and Rarotonga, between 07"—10* (GMT) on Jan. 11, Af°F, was 
—5-5, —3-5, and +3-8 Mc/s respectively. The only magnetic stations reporting a K-index 
as high as 4 within this period were Pilar (5th period on Jan. 10), Toolangi (1st period on 
Jan. 11), and Hermanus (4th and 5th periods on Jan. 11). 

Af°F, at Brisbane, for the period June 1943 to July 1948, to hand from another analysis, 
has been examined for ionospheric disturbance during comparative magnetic calm. Only 
two cases were found, neither as remarkable as the 1947 Oct. 27 disturbance. On Oct. 29, 
1944 Af®°F, was —2.0 Mc/s; the K-sums at Toolangi on Greenwich days Oct. 28-30 being 
19 (Maximum K = 3), 14, and 12 respectively, and the corresponding K, sums 165, 9-, 


348 





Research notes 


and 9+. On Nov. 24, 1944 Af®F, dropped to —2.4 Me/s; Toolangi K-sums for Nov. 23-25 
were 12 (maximum K = 3), 6, and 8, and the corresponding K,, sums were 85, 2+, and 2-. 

It would appear from the two cases noticed for 1947 that ionospheric disturbance of 
considerable magnitude, confined to limited regions, can occur on days that are in the 
main magnetically quiet. Such cases are probably rare. 

This note is published by permission of the Radio Research Board of the Commonwealth 
Scientific and Industrial Research Organization. The interest and suggestions of Dr. 
D. F. MarryN are gratefully acknowledged. 


Electrical Engineering Dept., 
University of Sydney. B. HARDWICK. 
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Indices of geomagnetic activity 
of the Observatories ABINGER (Ab), EsKDALEMUIR (Zs) and Lerwick (Le) 


March 1953 


The figures given on page 350 represent the K-indices for three-hour intervals, 
beginning with 00.03 hrs for the first and ending with 21-24 hrs for the eighth figure. 
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